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CHAPTER I. INTRODUCTION 
The Problem 
Scope of erosion 
Sheet and rill erosion on cultivated cropland in the United States 
was estimated to be a national average of 4.8 tons per acre per year 
in 1982. The national figure obscures the local severity of the problem 
because the dry Western region, where sheet and rill erosion is low, 
is averaged in with the humid areas, where sheet and rill erosion tends 
to be higher. Also, the very erosive soils are averaged in with the 
nonerosive soils. State sheet and rill erosion for some selected states 
on cultivated cropland indicates that erosion in some regions is much 
higher than the national value would indicate. Sheet and rill erosion 
is 11.7 tons per acre per year in Kentucky, 11.5 in Tennessee, 11.0 in 
Missouri, 9.6 in Iowa, and 7.1 in Illinois. 
The productivity of land is highly dependent on the quality and 
the quantity of soil. Soil erosion will reduce both the quantity and 
quality of soil, thereby reducing the productivity of the land. The 
reduced productivity of the land could result in production becoming 
unprofitable or economically infeasible over time if soil erosion is 
"excessive" for that land. The productivity loss will reduce the long-
term profitability of a unit of land and reduce the quantity of output 
produced. The profitability is of major concern to the producer. The 
production potential is a major national concern of the nation's ability 
to produce ample food supplies. 
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Soil is utilized as a medium and as a source of nutrients in the 
production of crops but it is also used through the process of soil ero­
sion. The decision maker must decide the rate at which soil is used 
through the production practices employed. The returns from using the 
soil must be weighed off against the benefits of retaining the soil for 
use in future time periods. The concept is analogous to that of resource 
mining. The resource will be used at a rate that maximizes the net pres­
ent value of a measure of returns. Soil use in any period will be the 
amount such that if any additional soil is used or if any less soil is 
used, the net present value of returns would decrease. 
There are a number of factors that contribute to the determination 
of the rate of soil use. The production practices technologically fea­
sible and their costs and returns are major factors. A practice with 
high returns may also have high soil use. The decision becomes one of 
determining the trade-off between present returns and the value of the 
resource toward future returns. If the value of the resource increases 
over time then less of it will be used and more of it saved for future 
periods. If the resource value drops over time then it will be used 
up early. The value of soil over time will depend on the production 
practices feasible and the prices of crops and inputs. 
The severity of soil erosion can be measured by the tolerance of 
the soil to erosion. The agronomic measure developed for tolerance is 
referred to as the T-value. The T-value is the amount of soil that can 
be eroded without a loss in soil productivity over time. The T-value 
of most soils is two to five tons per acre per year. Cropland acres 
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for the nation and three states are categorized by the level of sheet 
and rill erosion relative to the T-value ifl Table 1.1. The percent of 
cultivated cropland with erosion less than T, from T to 2T, and greater 
than 2T in Table 1.1 gives an Indication of the erosion problem in the 
nation and in the reported individual states. For the nation as a whole, 
56 percent of cultivated cropland has erosion less than the T-value, 
and 2 percent has erosion greater than twice the T-value. The severity 
of erosion is more pronounced on a state basis. In Iowa, only 28 percent 
of cultivated cropland has erosion less than T. Forty-three percent 
of the cultivated cropland has erosion exceeding twice the T-value. 
The erosion problem takes on a greater importance when viewed at the 
state level as opposed to the national level. 
Table 1.1. National and state erosion relative to T (USOA, SCS, 1985) 
<_ 
percent t/ac/yr 
T -
percent 
2T 
t/ac/yr 
> 
percent 
2T 
t/ac/yr 
Nation 56.2 2.0 41.4 6.4 2.3 21.3 
Iowa 28.0 2.7 29.6 7.2 42.5 21.6 
Missouri 51.8 2.3 14.0 5.7 34.2 27.8 
Tennessee 49.8 2.2 16.1 6.1 34.1 23.3 
The distribution of erosion within a state varies across land class. 
The "e" subclass of soils accounts for the bulk of sheet and rill 
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erosion in the United States. An estimated 75.5 percent of all sheet 
and rill erosion occurred on the "e" subclass of soils in the year 1982 
(USDA, ses, 1985). Erosion exceeds 100 tons per acre per year (approxi­
mately one half inch of soil) for some soil mapping units. The class 
subclass specification of soils indicates a wide variation in sheet and 
rill erosion across soil class. There is also a wide variation in ero­
sion within each of the subclasses. Soil erosion is very specific and 
caution must be exercised when aggregating because the severity of the 
problem could be masked. 
Total cropland and harvested cropland in the United States has in­
creased over the past decade. Total cropland acres reported in the 1982 
Census of Agriculture (USDC, 1985) indicates an increase of 1.2 million 
acres over that reported in the 1978 Census of Agriculture (USDC, 1981). 
Harvested cropland acres increased by 1.0 million acres over the same 
period. Total soil loss could be expected to have Increased over the 
period for two reasons. First, there are more acres under cultivation 
on which sheet and rill erosion can occur- Secondly, the additional 
lands brought in are often the less productive, rolling land that is 
susceptible to eroding. 
Soil regeneration and erosion tolerance 
Soil can be viewed as a nonrenewable resource, given the short time 
horizon of problems studied relative to the time for soil to regenerate. 
Soil regeneration is a slow process which can take thousands of years 
to produce an inch of top soil. Soil can be formed at a rate of one 
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inch in thirty years under ideal conditions. Natural conditions form 
soil much slower, at a rate of one inch in 100 to 1000 years (Pimentai 
et al., 1976; Hall et al., 1982). The development of a rooting zone 
favorable to rooting is much slower than for topsoil. The rate of .5 
tons per acre per year, or about one inch in approximately 400 years 
has been estimated for rooting zone formation (McCormack et al., 1982). 
If soil erosion occurs at the rate of topsoil regeneration, then the 
total rooting zone will decrease in depth because the rooting zone is 
regenerating at a much slower rate. The limiting production factor with 
continued erosion would be the rooting zone creation, not the topsoil 
regeneration. 
In its early stages the T-value was defined as "the maximum average 
annual permissible soil loss without decreasing productivity" (Browning 
et al., 1947, p. 66). Browning et al, (1947) refer to the T-value as 
being 5 tons per acre per year. The definition today is similar, "the 
maximum rate of annual soil erosion that may occur and still permit a 
high level of crop productivity to be obtained economically and Indefi­
nitely" (Wischmeier and Smith, 1965, p. 2). The T-value is somewhat 
subjective, especially the economic component of the definition. The 
T-value has come under criticism because it does not consider off site 
damages and because considerable profession judgement and a number of 
assumptions have to be made to come up with the values. Skidmore (1982) 
has suggested that two limits of soil loss be established, one to reflect 
soil productivity over time, and a second based on the off site damages. 
Research on erosion productivity was not readily available at the time 
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most T-values were established, and as a result considerable subjective 
professional judgement went into the values. Economists criticize the 
T-value because it is entirely a physical concept and measure, which 
does not have a precise economic meaning. 
The impact of soil erosion on the productivity of land is dependent 
primarily on the characteristics of the subsoil and how favorable those 
characteristics are to rooting (Pierce et al., 1983). Soils with favor­
able rooting characteristics in the subsoil have been found to experience 
few productivity effects from erosion. A Monona silt loam in Iowa was 
estimated to have a yield productivity decrease of three percent over 
a 100 year period with annual erosion of 33.9 tons per acre per year 
(Pierce et al., 1983). A Rockton soil was estimated to have a yield 
productivity drop of 20 percent in 100 years with erosion of 11.1 tons 
per acre per year. The Rockton soil productivity drop was seven times 
that of the Monona while erosion was a third less. The Monona soil has 
favorable soil characteristics exceeding a depth of 150 centimeters. 
The Rockton soil has about 75 centimeters of favorable soil overlying 
limestone. Soil erosion on the soil with the unfavorable rooting zone 
will have a much greater relative impact on the productivity of the land 
than erosion on the deep soils. 
The long term implications of the continued erosion of the soil 
is reduced yields and production. Soil is an essential input in 
production with present technology, so as the quality and quantity of 
the soil is diminished, the quantity of potential production is 
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diminished. The price as well as the quantity of food stuffs are 
important issues for society. Productivity declines due to erosion would 
result in higher priced food stuffs, a result that society would not 
relish. Society might be willing to incur some costs in the present 
to avoid higher prices for food commodities in the future. These costs 
would be incurred to reduce present soil erosion, thereby insuring a 
larger supply of food stuffs and lower prices in the future. 
Tillage practices and erosion 
The conventional tillage practice in many regions in the United 
States has been the use of a moldboard plow in either the fall or the 
spring. The use of a moldboard plow from a soil conservation point of 
view is undesirable. Plowing leaves very little surface residue, a major 
factor in preventing soil erosion. Tillage practices other than mold-
board plowing can also leave little or no surface residue, which will 
result in erosion similar to that of moldboard plowing. 
Tillage practices to reduce soil erosion are focused at maintain­
ing crop residue on the soil surface. Crop residue helps hold back water 
and disperse the energy in rain drops. The presence of crop residue 
will reduce the amount of soil erosion, all else equal. Conservation 
tillage and reduced tillage are popular terms that have been used to 
describe tillage systems that leave more crop residue than the con­
ventional tillage practices. These terms have suffered a lot of 
misinterpretation. They have been used to describe a series of tillage 
operations, such as chisel plowing and disking, which if done often enough 
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will leave as little crop residue as moldboard plowing. In an attempt 
to standardize the definition of conservation tillage for the 1985 
Resource Conservation Act appraisal, the Soil Conservation Service has 
adopted the definition of between 35 and 80 percent cover after planting. 
The definition of no-till in the appraisal is having 85 percent or more 
cover after planting. Crops with small amounts of residue production 
such as cotton, soybeans, or peanuts would have difficulty fitting into 
either of the definitions. 
There is a wide range of tillage equipment and systems for conser­
vation and no-till tillage. The systems depend largely on the crop pro­
duced, the area of the United States, and the type of soil. The nature 
of peanut and potato production excludes them from being zero tilled, 
with present technology. Laws in California require cotton to be plowed 
under to aid in controlling insect pests. Climatic conditions dictate 
the tillage system to some degree. Cold climates may require maintaining 
little residue to warm the soil earlier in the spring. Areas with no 
frost and subsoils that form plow pans will require periodic subsoiling 
to break up the plow pan. 
Erosion control practices 
The tillage practice used is only one aspect of controlling erosion. 
Conservation practices such as contouring and terracing can contribute 
toward reducing soil erosion. These practices reduce the length of the 
slope and terracing will also reduce the percent slope. The cost of 
contouring is primarily in increased field times because of the division 
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of a field into a number of smaller fields following the contour of the 
land. The costs of terracing include higher field costs because of 
smaller fields, land lost to the terrace structures, and the cost of 
constructing and maintaining the terrace. These practices have been 
adopted by some producers, with the technical assistance of the Soil 
Conservation Service. The failure by many farmers to adopt these con­
servation practices might be attributable their high cost relative to 
their benefits of higher productivity in the future. 
The Soil Conservation Service of the US Department of Agriculture 
participates in the cost of constructing a number of conservation prac­
tices such as terraces, contours, and grassed waterways. The 1982 Na­
tional Resource Inventory (NRI) indicates 150 million acres of nonirri-
gated cropland, 25 million acres of irrigated cropland, and 361 million 
acres of pasture, range, forest, and other lands are adequately protected 
from erosion (USDA, SCS, 1985). The NRI further indicates that erosion 
treatment is required on 186 million acres of cropland, 16 million acres 
of irrigated cropland, and 50 million acres of pasture* range, forest, 
and other lands. Cropland totals indicate that 175 million acres are 
adequately protected and that 200 million acres still require erosion 
control treatment. The criteria used to decide whether a land is ade­
quately treated is based on the estimated soil erosion and the T-value 
of the land. These results indicate that there is still a lot of work 
to be done if all cropland is to be adequately protected. The "e" soils 
account for 140 of the 200 million acres requiring erosion control 
protection. Whether all of these soils should be treated is open to 
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question, but if they are to be erosion protected then many control mea­
sures may need to be implemented. 
Conservation adoption 
The producer's decision of what and how to produce is done in an 
uncertain, dynamic setting. The major unknowns in the production process 
are weather and prices. Weather will impact on the crop yield, the 
amount of erosion, and the productivity impact of soil erosion. The 
impact of the tillage practice on yields is also an uncertainty. Alter­
native tillage practices can contribute to yield differences, most likely 
lower yields, and changes in the yield variability. The lower yields 
that often occur with a change in the production practice are short-term. 
The yield decline is narrowed over time with increased managerial ability 
at employing the tillage practice and capturing all its potential 
benefits. 
The adoption of soil conserving measures such as terracing, con­
touring, and reduced tillage is slow. The delay in the adoption of con­
servation practices could be attributed to subjective beliefs or actual 
observation that the practice is not profitable. If the practice is 
not profitable then any additional information supplied to producers 
will just confirm their subjective belief. If conservation practices 
are actually more profitable, then as the producer obtains more infor­
mation the subjective beliefs will be altered and at some point the con­
servation practice will be employed. The producer will adopt the 
practice when it is viewed as being more desirable than the present 
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practices, taking constraints into account. All this assumes that the 
producer is rational, which may not always be the case (Arrow, 1982). 
The individual producer and market failure 
The producer will evaluate soil erosion in terms of the present 
costs, or benefits, of eroding in the present time period against the 
costs imposed on future production from that erosion. The benefits from 
eroding in the present time period are the higher returns in the current 
time period that are possible from practices that are prone to erosion. 
The costs of present day erosion include the formation of gulleys, sedi­
mentation damage in the field, and the productivity related costs which 
are imposed on future production periods. 
The individual producer perceives the problem of soil erosion in 
a different context than society. Society's concerns are primarily the 
long term impact of erosion on future food production and the impact 
of sediment deposition in lakes, rivers, and streams. The producer will 
evaluate the production decision based on the present costs of production 
and the present value of the perceived costs imposed on the future from 
present decisions. The objectives and goals of society will in all like­
lihood not correspond with those of the producer. The producer will, 
in general, have a higher discount rate than society and, therefore, 
less importance is placed on the future. Present day erosion costs will 
be undercosted when compared to society's present value of erosion costs 
because of the higher discount rate of the producer. A second difference 
between a producer and society is the producer does not consider the 
off-site damages from soil erosion caused by sediment. These two factors 
will drive a wedge between the producer's and society's optimal level 
of soil erosion causing a market failure. This market failure will re­
sult in higher erosion than socially desirable. 
Externalities from the production process are a form of market fail­
ure. The firm affects third parties and the impact on the third party 
is not reflected in the revenues and costs of the offending firm. The 
predominant externality in soil erosion is off-site damage, usually sedi­
mentation. The costs of sediment depostion in streams and waterways 
are not taken into account by the producer of the sediment. The result 
of the externality is the marginal private cost of production will be 
less than the marginal social cost of production. Producers will produce 
more of the externality good than socially optimal because of the lower 
private marginal cost of production. A socially efficient solution can 
be attained by internalizing the externality. 
An approach to internalizing and externality is to tax the producer 
of the externality at a rate that will result in the marginal private 
and social costs of production coinciding. The tax paid will depend 
on the amount of the externality produced. A second approach to inter­
nalizing the externality is to bribe the producer not to produce the 
externality. The producer of the externality would receive payment not 
to produce the externality. Taxes and bribes will result in the same 
marginal private cost, which should equal the marginal social cost. 
The marginal private cost associated with the tax will be that of the 
production inputs plus the tax on the externality. The marginal private 
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cost for the bribe scenario will be the marginal cost of production in­
puts plus the bribe foregone from producing the externality. The imposi­
tion of a tax or a bribe will only be successful in internalizing the 
externality if the size of the effect and the causer can be identified. 
A second cause for the private and social efficient solutions to 
differ is the discount rate for society is lower than the private rate. 
The private discount rate is argued to be too high if the public sector 
is expected to guard the interests of future generations. If the public 
does have this duty to future generations then it must weight the future 
more, which is comparable to using a lower discount rate. Additional 
arguments for a lower social discount rate are that the market rate 
contains a risk premium not required for a social rate, future genera­
tions are not present to protect their interests, tax advantages of pri­
vate borrowings reduces the actual private rate paid, and consumers are 
myopic and often make intertemporal decisions in ignorance. The argu­
ments for a social discount rate lower than the private rate are fairly 
strong. 
Objectives 
This study has three major objectives. The first objective is to 
evaluate soil conservation and erosion decisions in a dynamic framework 
at the farm level, taking into account constraints on the production 
system. The dynamic characteristic of the model will facilitate account­
ing for the user cost of present day decisions in terms of soil eroded, 
investments in machines, and investments in soil conserving measures. 
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The system will require constraints for land, capital availability, in­
vestment opportunities, and other production input requirements. The 
specific items of interest will be the tillage decision, which directly 
impacts on soil erosion, the attractiveness of soil conserving investments 
in terracing, the effect of the starting conditions on the results, and 
policy options that could be used to alter the solution if society was 
to view the optimal producer solution as undesirable. 
The second major objective is to evaluate the impact of stochastic 
weather conditions on the optimal decision strategy of a decision maker. 
Stochastic weather will result in the erosion path as well as the yields 
being uncertain. The objective function of the decision maker could 
affect the decision strategy, that is, maximizing discounted returns 
vs. maximizing expected utility. The expected utility of final wealth 
will be used because the mean-variance approach is not suited to analysis 
over several time periods. The expected utility of final wealth for 
a risk averse individual will be less than the utility of the expected 
final wealth. 
The third objective will be to compare the results of the determin­
istic and the stochastic models to evaluate the advantages and disad­
vantages of each model. The comparison will be in terms of the produc­
tion strategy used, soil erosion, the objective function, and policy 
implications. 
Procedures Used 
The first objective will require the construction of a polyperiod 
linear programming model. The model will be of a representative farm 
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with differing soil classes making up the fields. The impact of soil 
erosion on yields and input use over time will be taken into account. 
Machine requirements specific to a tillage practice will be incorporated 
in the model. The model will also contain production practices that 
result in differing levels of soil erosion, investment opportunities, 
and machine requirements specific to the production practices. 
The stochastic model will require the construction of a stochastic 
dynamic programming model. The model will be more restricted than the 
linear programming model in terms of choices to keep the model a manage­
able size. The state variables will be soil erosion (soil remaining), 
tillage machine type, and machine age. The decision variables will be the 
tillage practice, tillage machine replacement, and crop rotation grown. 
Summary 
Sheet and rill erosion is viewed as excessive for the long term 
maintenance of soil productivity in many regions of the United States. 
Soil erosion can be high because there may be little or no productivity 
impact from erosion, or there is a market failure. If the impact from 
soil erosion is small for most or all soils, the decision to erode soil 
could be socially optimal. The case of market failure though will result 
in soil erosion exceeding the socially optimal level of erosion. Market 
failure can occur because not all of the costs to society from soil 
erosion are accounted for by private individuals, private individuals 
do not take into account all of the private costs of erosion, and society 
may put more importance on the future than individuals. 
Soil erosion can be controlled, or reduced, by different means. 
The tillage practice employed will determine the amount of crop residue 
remaining. High residue will lower soil erosion. The crop grown is 
a second factor. Row crops have higher erosion than close grown crops, 
which have higher erosion than hays and grasses. A third means of con­
trol is through constructing terraces to reduce the slope and the length 
of the slope. Each of the three control methods have costs associated 
with them that make some economically attractive to reduce soil erosion, 
and others less attractive. 
This study will examine soil erosion by fields at the farm level. 
The costs imposed on the future from present erosion will be taken into 
account. The model will also include several means to reduce soil ero­
sion, such as the crops produced, tillage, and terracing. The model 
will have a measure of the off-site damages and costs to have the private 
and social costs coincide. There is the potential to alter the discount 
rate to determine the effect of discounting on the results. Finally, 
stochastic issues will be pursued in an attempt to determine the import­
ance of stochastic weather and erosion on the decision process. 
The results of the analysis can be used to better understand the 
economic forces behind the decision to erode soil through the production 
practice employed. The model can also be used from a policy perspective 
to determine policies that would move the private solution closer to 
the social solution. 
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CHAPTER II. THEORETICAL CONSIDERATIONS 
Economic Theory 
Static models of the firm 
A firm is a production unit that alters the form, space and time 
of products. The entrepreneur is the decision maker and owner. The 
entrepreneur makes the decisions of what, where and how to produce within 
the firm, and gains the benefits or incurs the losses associated with 
the decision. The principal concepts are those of profits, the net of 
sales over input costs, and the production function, a mathematical de­
piction of the transformation of inputs into outputs. These and other 
concepts relating to the theory of the firm can be found in Henderson 
and Quandt (1980) or a myriad of other economic theory text books. 
The predominant behavioral assumption is one of profit maximiza­
tion. Utility maximization can be implicit in profit maximization given 
a linear utility function with respect to money, and risk neutrality. 
Wealth maximization is a third behavioral assumption and will give the 
same result as profit maximization in models that exclude adjustment 
costs over time (Silberberg, 1978). The profit maximization specifi­
cation allows the determination of the optimum quantities of both the 
inputs and outputs. 
The static profit relation is represented as 
It = pf(x) - r'x (2.1) 
and the production function is represented as 
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q = f(xi,X2,...,Xn) fi>0, fii<0 (2.2) 
where ir is profit, p is the price of the output, f(x) is the production 
function, q is the output, x-j are inputs used in producing q, x is the 
input vector, r is the input factor cost vector, and f-j is the marginal 
product of input i. The decision rule of the producer is to maximize 
profits. Inputs are used until the added revenue from the last unit 
of input just equals the cost of the input. Mathematically this is repre­
sented as 
pfi = ri (2.3) 
where pf-j is the marginal value product of input i, the additional rev­
enue from the last unit of input i, and r-| is the marginal factor cost 
of input i. The entrepreneur could increase profit by using more of 
input i if the return, pfi, is less than the cost, r^. Similarly, if the 
return from input i is less than the cost, then profits can be increased 
by using less of input i. 
In many production prscticss, there will be a constraint on the 
quantity of inputs that can be used in the production process, or a con­
straint on the total costs that can be incurred. Restrictions on credit, 
inputs, or costs will result in optimization conditions differing from 
the unconstrained case. The optimization conditions for input and cost 
constraints rre obtained and the differences from the unconstrained case 
are outlined below. 
Constraints on the quantities of inputs available for the production 
process will result in less output and a different input mix in the 
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production process if the constraint is binding. The constrained problem 
is formulated as follows 
max IT = pf(x) - r'x (2.4) 
subject to X £ b (2.5) 
where the variables are as previously defined, and b is a vector of the 
input constraint levels. The problem is formulated as a Lagrangian func­
tion to determine the optimization conditions. The Lagrangian is 
L = pf(x) - r'x + m(b-x) (2.6) 
where the variables are as defined above and m is a vector of Lagrange 
multipliers, which will give a measure of how constraining an input is 
on the objective function value. The Lagrange multilplier is the mar­
ginal contribution on input i to profit. That is, it is the rate at 
which profit will increase if the amount of resource i is increased. 
A positive value will indicate a constraining resource, a zero value 
will indicate the resource is available in ample supply and not constrain­
ing the system. The optimization condition is 
fj(xj)/fk(xk) = rj+mj/rk+mk 3 ^ k (2.7) 
The optimization condition specifies that inputs are used to the point 
where the ratio of the marginal product of the input, fj(xj)/fk(xk), 
equals the ratio of the input cost plus the multiplier of the input, 
rj+mj/rk+mk. A tightly constrained resource will result in less of the 
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input used than if it is unconstraining. The marginal product of the 
input will be higher and the Lagrange multiplier value will be high when 
constraining. When the constraint is unbinding the Lagrange multiplier 
values will be zero and the optimization condition is the same as the 
unconstrained condition in equation 2.3, 
The total expenditure on inputs the firm may use in production can 
be constraining. In the constraining case, the firm will then attempt 
to maximize output subject to the total expenditures. The problem is 
max f(x) (2.8) 
subject to r'x < C (2.9) 
where C is the maximum cost allowable, and the remaining variables are 
as defined above. The maximization procedure requires forming the La-
grangian function 
L = f(x) + X(C - r'x) (2.10) 
where the variables are as previously defined and x is the contribution 
to output of the last dollar expended on each input. Should the con­
straint be unbinding, the value of X will be zero. If the constraint 
is binding, A will be nonzero and C will equal r'x. If the cost con­
straint is binding, less resources will be used and there will be less 
production than in the nonconstraining case. The optimization conditions 
are 
fi = xri all i (2.11) 
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The expression can be respecified by dividing equation j by equation 
k giving, 
fj/fk = rj/rk (2.12) 
That is, the entrepreneur uses inputs in combination such that the ratio 
of the marginal products of the resource equals the input cost ratio. 
The condition does not directly indicate the amount of output produced. 
If the constraint is not binding, the production will be at a maximum 
at the point where the expenditure on inputs is less than the input ex­
penditure constraint. Production will occur where the marginal factor 
products all equal zero (note that f-j-j < 0). That is, inputs are used 
to the point where production is at a maximum. If the constraint is 
binding, production will be constrained to a level less than the uncon­
strained case. Output can be determined by solving for the inputs and 
substituting into the production function. The Lagrange multiplier can 
be expressed as the ratio of the marginal product to the marginal factor 
cost of the input. 
^ = fi/ri = fj/rj (2.13) 
The second order conditions are assumed to hold to guarantee a maxi­
mum. The derivation and interpretation of the second order conditions 
can be found in Henderson and Quandt (1980). 
Production in a certain environment with an unconstraining supply 
of resources requires that inputs be added into the production process 
until the returns from the last units added equals the cost of those 
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last units. A limitation on the amount of inputs available will result 
in lower and costlier production. The optimization conditions for the 
static case do not say anything about investments in multiperiod assets 
or inputs. The value of these in the future periods are not be taken 
into account. 
Dynamic models of the firm 
Production processes that occur over several periods are not modelled 
well by the static models of profit maximization. The static one-period 
models are not capable of analyzing the impact of present decisions on 
the future production potential. A dynamic modelling approach is re­
quired when production occurs over several periods and decisions made 
in one period affects production in subsequent periods. There are a 
number of approaches to dynamic modelling. These include investment 
models and resource allocation models. The simplest approach to examin­
ing profit maximization in a dynamic framework is to assume each point 
of time is independent of other points of time. This independence allows 
profits to be maximized at each point of time and summed to obtain total 
profits over the time horizon. The net present value of wealth maximi­
zation in such a model specification is expressed as 
W = n e-rt dt (2.14) 
where W is wealth accumulated from time 0 to time T, is the profit 
at time t, and r is the discount rate. Wealth is discounted to take 
account of the time value of money. 
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The formulation of this problem involves accumulating the profits 
at each point in time. It is a very simplistic approach to dynamic model 
ling. The production decisions at one point in time do not impact on 
the production function, the constraint set, nor the resource base in 
subsequent periods. The rules of optimization for each point in time 
are essentially the same as for the static case. This model formulation 
is not pertinent to most dynamic modelling formulations because of the 
independence of the time periods. 
The existence of a firm will depend on the profitability of that 
firm. The equity of the firm will increase (decrease) from retained 
earnings (losses) and increase from investment grants. Further insight 
into the operation of the firm can come from examining the income state­
ment of the firm. The source of income is from the sale of the product 
produced. Expenses of the firm include wages, depreciation, interest 
on debt, taxes, dividend payments and other input expenditures. The 
remainder of income over expenses is retained earnings. The change in 
equity can be expressed in terms of income and expenses, A final ac­
counting sheet is that of the cash account. Sources of cash include 
sales and grants on investments or debts. Cash is used for wages, other 
input expenditures, interest on debt, gross investment, taxes and divi­
dend payments. 
An understanding of the financial factors that impact on decision 
making is required to determine the proper economic constraints on the 
system. The constraining economic relationships over time focus on 
capital and equity. The change in capital must equal the change in 
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equity plus borrowing. Also, from the engineering standpoint, the change 
in capital must equal capital investment less capital depreciation. 
The change in equity is equal to sales plus grants less wages, deprecia­
tion, interest on debt, taxes and dividends. 
Dynamic models of the firm are reviewed by van Loon (1983) and a 
model is specified which is based on the maximization of the value of 
the firm to the shareholder. The model formulation is to maximize 
e-rt Ddt + e-rZ[x(Z) - gK(Z)] (2.15) 
subject to X = (1-f) (V-iY) - D + gl (2.16) 
K = I - aK (2.17) 
K = X + Y (2.18) 
V = PQ - WL - aK (2.19) 
0 < Y < kX 
D, K, I 2 0 
where Dis the dividend payment. X is equity, f is the tax rate, P is 
a vector of output prices, Q is output, W is a vector of input prices, 
L is a vector of inputs other than capital equipment, a is the capital 
depreciation rate, K is capital equipment, i is the interest rate on 
debt, Y is debt, g is investment grants, I is investment, k is a maximum 
debt to asset ratio, and r is the discount rate. This model specifica­
tion assumes no transaction costs of borrowing and that taxes are paid 
and grant;: received at once. Additional assumptions are that the mar­
ginal revenue exceeds the unit cost of production, the investment and 
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debt markets have different interest rates, (l-f)i will exceed the in­
vestment return, financing can not be from debt sources only, and initial 
capital, X(0), is positive. 
A model for a competitive firm of intertemporal choice under un­
certainty is formulated by O'Connor (1978) to compute optimal decision 
rules when there is constant absolute risk aversion, the production tech­
nology is certain, and prices are uncertain and serially independent. 
The model considers strategies for production, investment, financing, 
and consumption. The problem formulated by O'Connor (1978) is one of 
a concave programming problem for the optimal investment and production 
strategy. The financing and consumption strategies can be computed after 
the production and investment strategies are obtained. 
The model has the entrepreneur's wealth held as either liquid wealth 
or capital inputs. Liquid wealth can be allocated to consumptive ex­
penditures and single-period inputs, and capital inputs for the firm's 
production activities. The inputs can be allocated among M production 
activities. The relations in the model include a utility function de­
fined on consumption expenditures and terminal wealth, equations for 
liquid wealth and capital inputs, production technology relationships, 
and budget constraints. 
The model can be formulated as maximize 
T 
2 e-rt u(yt) + e-rt ufKy+i) (2.20) 
t=l 
subject to Ky+i = bjvy + pfqy + PZy+i (2.21) 
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Kt+l = btvt + Ptqt 
Zt = 6(Zt-l + It-l) 
Atqt <. (Zt + It) 
q t > o  
(2.22) 
(2.23) 
(2.24) 
(2.25) 
where U(*) is the utility function, y^ is consumption in time t, r is 
the discount rate, Kt is the liquid wealth in period t, bt is the return 
on a riski ess asset in period t, is the amount invested in the risk-
less asset in period t, pt is a vector of output prices from the pro­
duction activities, is a vector of outputs from the production activ­
ities, P' is a vector of capital salvage prices at the end of the time 
horizon, Zt is the stock of capital in period t. At is a matrix of inputs 
required for the activities in period t. It is investment in capital 
in period t, and (1-6) is the depreciation rate. 
Linear programming could be utilized to solve this problem if the 
objective function is linear. O'Connor (1978) uses a quadratic utility 
function which requires the use of quadratic programming to solve. The 
situation of uncertain prices can be solved by means of stochastic pro­
gramming. 
Capital budgeting and growth models have been used in an attempt 
to bring the capital and wealth dynamics into the production process. 
The constraints in the O'Connor (1978) model are very similar to those 
used in growth models. Boehlje and White (1969) examine farm firm growth 
with investment and production decisions under the objective of maxi­
mizing the present value of disposable income and of maximizing net worth 
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at the end of the planning horizon. The model included activities for 
production, investment, credit borrowing and debt servicing, and income 
division. Constraints on the system are for liquid capital, annual in­
puts, durable inputs, credit, annual disposable income and annual net 
worth. Baker (1968) utilizes a growth model to examine the impact of 
credit preferences by lenders on enterprise choice and returns to the 
firm. The capital budgeting and growth models all assume a linear ob­
jective function, fixed technology, and fixed prices. There is some 
disagreement over the proper objective function and constraints in firm 
growth models. These issues are adequately covered by Carleton (1969) 
and will not be discussed in more detail here. 
Resource Allocation Over Time 
The issue of how much of a resource to use in the present and how 
much to save for future periods can be a complex problem. Should the 
resource be used now, leaving none for future periods and generations, 
should all be saved for the future, or should some be used now and some 
saved for the future? If the latter, how much should be used now? The 
area of resource allocation over time addresses the issue of how much 
of the resource should be used and how much passed on to future periods. 
The criteria used is to maximize the present value of the payoff to so­
ciety, given the value of the resource to society for all periods and 
the importance society puts on future periods. 
Resources can be carried forward because of an anticipated increase 
in its value, to reduce future production costs of processes using the 
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resource, and to allow for the future use of the resource. The less 
the present day use of many resources, the greater will be the supply 
of resources in future periods. Conversely, the more resources used 
today, the smaller will be the supply of resources in the future. Pro­
duction costs using the resource will be higher in the future if there 
are increasing costs associated with obtaining the resource, the resource 
is essential in the production process, and there are no new technologies 
or substitution possibilities. Present day use of resources will im­
pose additional costs on future periods. This additional cost is referred 
to as the user cost. The user cost is the present value of all future 
sacrifices, including foregone use and higher costs, associated with the 
use of a particular unit of a resource. The user cost associated with 
the use of the resource is dependent upon a number of factors, including 
the regeneration ability of the resource, the supply of the resource, 
the substitution possibilities for the resource, and new technologies 
which increase the substitutes for the resource or increase the supply 
of the resource. 
Natural resources are generally subdivided into categories deter­
mined by the ability of the resource to regenerate itself. The 
categories are nonrenewable and renewable resources. The nonrenewable 
case is a subset of the renewable case, the rate of renewal set equal 
to zero. The literature tends to use examples of fish populations and 
catches in the renewable resource case and ore mining or oil extraction 
in the nonrenewable case. Soil is capable of regeneration provided it 
has not been eroded down to bedrock or deep into the subsoil. The rate 
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of soil regeneration is relatively slow. Soil in most cases can be viewed 
as a nonrenewable resource because of the slow rate of regeneration and 
the regeneration that does occur can be netted out of total erosion to 
leave a net erosion value. 
Renewable resources 
Renewable resource models are based on an objective function, a 
rate of change in the population, population growth, and a catch or use 
rate function (Dasgupta and Heal, 1979). The objective function maxi­
mizes the net present value of returns over the time horizon. The popu­
lation growth function depends on the size of the population and other 
exogenous variables relevant in describing the population growth. The 
catch or use rate function will depend on the population size, the effort 
or resources used in extracting the resource, and any additional exo­
genous factors. The net rate of change in the population will be 
n = g(n,x) - f(e,n,t) 9n>0, gnn<0, fn>0 (2.26) 
where n is the population, n is the rate of change in the population, 
g(*) is the population growth function, x is a vector of factors 
influencing the growth of the population, f(») is the use or catch rate 
function, e is a vector of factors effecting use, and t is time. Time 
is capable of capturing, in a crude way, the technology changes that 
occur over time. 
This formulation can be used to describe soil and soil erosion. 
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Soil quantity can be viewed as the population. The rate of change of 
soil is described by n, g(*) would be soil regeneration and f(*) soil 
erosion or use. The variable n would be a soil quantity measure, x a 
vector of inputs influencing soil regeneration, e would be a vector of 
inputs effecting soil erosion such as tillage practice, terrace use, 
and crops produced. If g(«) is larger than f(.) then the quantity of 
soil would increase over time, if the converse is true, soil quantity 
would decrease over time. 
The problem of determining how much of the resource to use can be 
formulated as maximizing the net present value of the social payoff to 
society, subject to the time path of the resource. The social payoff 
is generally measured as the net monetary return from the use of the 
resource. The general problem can be formulated as 
max q/" e-rt [pf(e,n,t) - we] fx,fe,fxe > 0 (2.27) 
subject to equation 2.26 
The output price vector for the products produced from the resource is 
p, the f(*) function is as described in 2.26, w is the cost vector of 
inputs used in the production process, r is the discount rate, e is a 
vector of factors used in production, and t is time. The resource, n, 
is used at a rate such that equation 2.27 is maximized, subject to 
equation 2.26. 
The decision rules to determine the optimal use and the optimal 
stocks of the resource can be obtained from the use of a current value 
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Hâmiltonian formulation of the problem. The Hamiltonian is a device 
which facilitates generating dynamic optimality conditions. The current 
value Hamiltonian of equation 2.27 and 2.26 is expressed as 
H = pf(e,n,t) - we + xCg(n,x) - f(e,n,t)] (2.28) 
where p, w, n, e, x, and t are as previously defined and \ is the current 
value multiplier. The current value multiplier gives the value of the 
state variable (the user cost) at time t in terms of values in time 
t. The conditions which determine the optimum paths of e, n, and x are 
(1) aH/3e = 0 (2.29a) 
pfg - W - Xfg = 0 (2.29b) 
pfg = w + xfe (2.29c) 
(2) n = 3H/3g = g(n,x) - f(e,n,t) (2.30) 
(3) X = rx - aH/3n = rX • 
- pfn - Xgn + xfp (2.31a) 
pfndt + Xgpdt = rxdt + Xfndt - dx (2.31b) 
The first condition, the optimality condition, is used to determine the 
optimal use of the resource. This condition guarantees that the marginal 
value product of the factor equals the marginal factor cost of production 
plus the marginal user cost of the resource. The user cost is a measure 
of costs imposed on the future from using the resource in the present 
period. The second condition, the state equation, is the constraint 
on the growth of the resource. The third condition, the multiplier 
equation, gives the optimal stock of the resource that should be held 
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over time (Kamien and Schwartz, 1981). 
The optimality condition is comparable to the marginal value product 
equals marginal factor cost condition of the unconstrained static model. 
The difference in the two is the user cost of utilizing the resource 
is taken into account in this dynamic formulation. This formulation 
requires that the marginal value product of the factor equals the mar­
ginal factor cost of production plus the user cost of the resource. 
If the user cost is zero, then the optimality condition will be the same 
as the static condition. If there is a user cost, then less of the con­
trol factors will be used in production and, therefore, less of the re­
source will be used. The state variable changes over time according 
to the differential equation (state equation) that governs its movement. 
The multiplier equation determines the current value multiplier over 
time. Along the optimal stock path, the marginal returns from an extra 
unit of the resource, pfpdt, plus the indirect marginal contribution, 
xg^dt, will equal the opportunity cost associated with the resource, 
rXdt, plus the indirect contribution of another unit of the resource* 
Xfpdt, less the change in the price of the resource, dx. This condition 
can be considered as the marginal returns of investing in the resource 
equalling the marginal factor cost of holding the resource. 
Nonrenewable resources 
Nonrenewable resource allocation is a special case of the renewable 
resource allocation problem. The regeneration rate of the resource is 
zero, or very close to zero. The general form of the nonrenewable 
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resource problem is to maximize the following expression 
q/" e-rt [pf(x,e,t) - we] fx, fe. fxe > 0 (2.32) 
subject to x = -f(x,e,t) gx, ge < 0 (2.33) 
where p is the output price, f(«) is the production relation resource 
use and extraction function, x is the resource under consideration, e 
is the vector of inputs, t is time and, w is a vector of input prices. 
The current value Hamiltonian is 
H = pf(x,e,t) - we - xf(x,e,t) (2.34 ) 
Applying the maximum principle, the optimal paths of x, à, and the use 
of e will satisfy the following conditions 
(1) &H/ae = 0 (2.35a) 
pfg - w - Xfg - 0 (2.35b) 
pfg = w + Xfe (2.35c) 
(2) X = 3H/3X = -f(x,e,t) (2.36) 
(3) X = rx - 8H/ 3X  = rx - pfx - Xfy (2.37a) 
pfxdt = -Xfxdt - dx (2.37b) 
The problem and optimality conditions are the same as the renewable 
resource case, except there is not any regeneration of the resource. 
The optimality condition is the same, use the resource to the point where 
the marginal value product of the factor equals the marginal factor cost 
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plus the marginal user cost of erosion. The state equation dictates 
how the state variable changes over time. The multiplier condition 
indicates that the appreciation in the value of the resource, A, will 
equal the added revenue from the extra stock, rA, less the revenue from 
selling an extra unit of the stock, pf*, plus the user cost component 
of present day extraction, xf*. The condition can be rearranged to indi­
cate that the stock of the resource held is such that the marginal re­
turns from investing in the resource, pfxdt, equals marginal factor cost 
of holding the resource, \fxdt less dx. 
The renewable and nonrenewable resource models provide a framework 
in which resource use and allocation over time can be determined. The 
models determine a number of items simultaneously. These include the 
amount of the resource to be used in the present period and, hence, the 
resources available for future periods, the path of the resource over 
time, the path of the current value multiplier over time, and the value 
of the current value multiplier. The basic structure of the model can 
and has been modified to address specific problems in the area of re­
source allocation. 
Soil Conservation Models 
Static models 
A static one-period model has been used to evaluate soil erosion 
and investments in soil erosion reduction (Pope, Bhide, and Heady, 1982). 
The model is constructed to maximize the one period return to production, 
subject to a number of constraints. The model is formulated as 
max pf(x) - r'x 
subject to X £ b 
(2.38) 
(2.39) 
where the variables are as defined in previous equations. All of the 
costs and returns in the model are for one period of production. The 
analysis is based on results from selected years. It is assumed the 
production practice in use is constant throughout the time period. Soil 
erosion impacts are evaluated through adjusting the yield for the future 
time period, based on present soil erosion. The time path of the returns 
is not taken into account, just the returns in the selected future time 
period. For example, there are two production practices considered and 
one has high erosion, the other low erosion. The total accumulated ero­
sion under these practices is then calculated for some future period, 
given the two levels of erosion. Crop yields are then calculated as 
a function of the soil remaining. The model is run for that future pe­
riod and the results for the period are then applied to all of the 
previous periods= This formulation assumes a constant production pattern 
from the present to the future period. Models of this formulation do 
not take account of future costs imposed by present actions. That is, 
the user cost of present day soil erosion is not considered when deciding 
the optimal quantities of inputs and the production process. The formu­
lation also precludes switching practices over the time period. 
Static model formulations are not the appropriate tools to use in 
the analysis of a dynamic problem such as soil erosion, A form of 
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dynamic modelling is required when modelling soil erosion and the impacts 
from soil erosion. Production systems switching can occur over time. 
The erosion process is slow and the erosion, from one year will have 
little impact on production in that year. The cumulative erosion, how­
ever, can have a tremendous impact on productivity. 
Dynamic models 
A soil conservation model by McConnell (1983) takes soil regenera­
tion to be a constant, implied to be the T-value of the soil. The farmer 
is assumed to maximize the discounted stream of profits over the time 
horizon plus the discounted terminal value of the soil at the end of 
the time horizon. The net present value of the farm is maximized. 
g/ e-rt[pg(t)f(S,X,E) - CE]dt + R[X(Z )]e-rZ (2.40) 
subject to X = T - S , X(0) = Xq (2.41) 
where p is the output price, g(t) is neutral technological change, f(«) 
is the production function, S is soil loss, X is soil depth, E is a 
vector of inputs, C is the input vector costs, R is a terminal value 
function (the resale value of the farm) which depends of soil quantity, 
r is the discount rate, T is the exogenous rate of soil regeneration 
(T-value), and Z is the length of the time horizon. 
The current value Hamiltonian is 
H = [pgf(S,X,E) - CE] + X(T - S) (2.42) 
Applying the maximum principle, the optimal paths of S, E, X, and x will 
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satisfy 
âH/3S = 0 = pgfg - X 
3H/3E = 0 = pgfg - C 
X = T - S 
X = rx - 3H/3X = rX - pgfx 
(2.43) 
(2.44) 
(2.45) 
(2.46) 
X(0) = Xo and X(Z) = R[X(Z)]/ X(Z) 
This model is a special case of the renewable resource model pre­
viously presented. This specification contains a terminal value function 
because of the limited time horizon. The purpose of the terminal value 
function is to account for the time period from Z to infinity, while 
maintaining the model at a manageable size. The terminal value function 
is the value of an additional unit of the resource at the end of the 
time horizon, as indicated above. It will prevent the entrepreneur from 
depleting the soil resource near the end of the planning horizon. It 
will be uneconomical to deplete the soil near the end of the period be­
cause the objective function value will be reduced through the terminal 
value function as soil depth is reduced. 
The rules for resource allocation indicate inputs are used to the 
point where the marginal value product of the input equals the cost of 
the input. Soil is used until the value of the marginal product of the 
soil equals the implicit cost of using the soil. The implicit cost of 
using the soil includes the foregone future profits through the decline 
in productivity and the farm sale value decline. The returns from main­
taining soil are returns to the current profits and capital gains. The 
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soil quantity path is determined by the state equation. The multiplier 
condition indicates that the implicit cost of soil loss must grow at 
a rate equal to the rate of discount less the contribution of the soil 
to current returns (the value of the marginal product of soil). If soil 
has no impact on production then the implicit cost of soil erosion would 
grow at the discount rate. The model is not capable of determining a_ 
priori whether soil loss will increase or decrease over time. The actual 
functional relationships must be known in order to determine whether 
soil loss will increase or decrease over time. 
McConnell (1983) formulates a variation of this model to determine 
the impact of tenure on soil erosion. A model for the socially optimal 
solution is formulated by extending the time horizon to infinity and 
dropping the terminal value function. 
Soil erosion models by Shortle (1981); Bhide, Pope and Heady (1982); 
and Miranowski (1984) are dynamic soil erosion models that assume soil 
regeneration is exogenous. The model by Bhide et al. (1982) uses data 
from a linear programming model of soil erosion to evaluate net worth 
functions. The net worth functions are set up in an optimal control 
framework and solved. 
The problem is formulated to maximize 
N 
J = Z f(SDt, SLt, t) (l+r)-t (2.47) 
t=0 
subject to SDt+i = SDt - I(SLt - TL) 
SDq = a, SLt >0 
(2.48) 
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where the net returns are a function, f(.), of the depth of topsoil (SD) 
at the beginning of the year, soil loss (SL) during the year, and t is 
a proxy for technology. The discount rate is r, I is the inverse of 
the soil bulk density, and TL is the T-value for the soil. The net re­
turn function is estimated from the returns from a linear programming 
model (Pope, Bhide, and Heady, 1982). The soil loss variable Includes 
the effects of the cropping practice on returns. 
Their results indicate optimal soil loss is higher for soils with 
thicker soil depth, but approach each other at the end of the time hori­
zon. Technology advances in yields are found to result in less erosion 
than in the case of no technological advancement. This occurs because 
the penalty function on future periods is higher because the yield poten­
tial is higher. The discount rate will also impact on the solution. 
A low discount rate will result in less erosion than a high discount 
rate. Finally, a resale value of the soil at the end of the planning 
horizon will reduce the level of erosion near the end of the time hori­
zon. The resale value of the soil prevents the soil from being eroded 
near the end of the period because of a small or nonexistent penalty 
for eroding near the period end. 
The models by Shortle (1981) and that of Miranowski (1984) are poly-
period linear programming models that include a terminal value function. 
The models are constructed with soil thickness increments that are de­
pleted as erosion occurs. Crop rotations are specified by tillage, 
conservation practice, and soil thickness interval. As soil is depleted 
the activity set is forced into rotations that reflect the eroded soils 
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with lower yields. The value of the terminal value function will depend 
on the soil thickness intervals which remain at the end of the time 
horizon. 
The model by Shortle (1981) and that by Miranowski (1984) is for 
a 50 year horizon in which there are 10 five-year periods. The returns 
are discounted back to the present. The model is a maximization of the 
following objective function 
TJ 
(^tYjt - Cjt)Ajt - VjEt (2.49) 
T J 
where is the crop price vector (discounted), Yjt is a crop output 
matrix using soil depth j at time t, Cjt is a vector of activity cost 
coefficients for soil depth j in time t (discounted), Ajt is the acres 
allocated to each cropping activity using soil depth j in period t, Vj 
is the net present value of the penalty function for a unit of soil 
eroded in period T, and Ej is the cumulative erosion through period T. 
The model is constrained by total acres and the amount of acres in each 
of the soil depth categories. 
The results of the model indicate operators should adopt soil con­
serving methods when there is a yield impact from soil erosion and the 
operators take the impact into account. The higher the yield impact, 
the greater the reduction in erosion. Crop price increases over time 
will induce farmers to conserve soil earlier and more intensely than 
the situation of constant or declining prices. Yield increases over 
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time should have a similar effect to increasing crop prices, but that 
is not explored by either author. 
Control theory is used by Burt (1981) to evaluate wheat production 
in the Palouse Area of Washington and Idaho. The model uses the depth 
of topsoil and the percent of organic matter in the topsoil as the two 
state variables. The control variable is the percent of wheat in the 
rotation. The model is one of maximizing the net present value of annual 
net returns, subject to the paths of the two state variables, topsoil 
depth and percent organic matter in the topsoil. The dynamic model is 
maximize 
00 
z G(ut, xt, yt) (l+r)-t (2.50) 
t=l 
subject to xt+i = xt - e(ut, xt, yt) (2.51) 
yt+1 = yt - h(ut, xt, yt) (2.52) 
where G(.) is the annual net returns function, u is the percent of land 
in wheat, x is depth of topsoil, y is percentage organic matter in the 
topsoil, r is the discount rate, e(.) is the annual soil loss function, 
and h(') is the annual organic matter loss function. 
The results indicate that relatively high grain prices will lead 
to greater soil erosion and that intensive wheat production can be 
justified economically in the long as well as in the intermediate run. 
The soil losses under wheat production are higher than for forage crop­
ping systems but the higher soil loss is not an ecomonic threat to the 
long-term productivity. Furthermore, the additional losses are 
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economically justifiable and not a threat to the long run productivity 
of the soil. 
The McConnell (1983) and Bhide et al. (1982) models are very similar 
to the nonrenewable resource model because soil regeneration is exoge­
nous. The resource allocation models reviewed assume perfect knowledge 
of future prices and technology. The models restrict their dynamics 
to the resource path. Production capital use, replacement of machines 
and structures over time, financial considerations over time, and substi-
tutability of the resource are not considered. While these models do 
give a basis from which to start they exclude many important aspects 
of the production process required in applied work. 
Uncertainty and Stochastic Processes 
There are a number of approaches to evaluating uncertainty in the 
decision process. No distinction is made here between uncertainty and 
risk. There are random events that occur in all production processes. 
The most common random events are in production yields and product 
prices. The mapping of inputs to outputs is not known with certainty 
and at best some probability of the occurrence of the outcome is known. 
In agricultural production processes, the dominant random event impacting 
on both production and price is weather. Rainfall, heat units, and the 
timeliness of these events are major unknowns. The price of the product 
is unknown at the time production decisions are made and is the second 
source of random events. The returns from production will be a random 
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variable due to the uncertain quantity and price, conditioned on the 
production strategy. 
Uncertainty decision criteria 
The analysis of uncertain outcomes generally can be depicted as 
evaluating the expected outcome of the random variable or the expected 
value of a transformation of the random variable. Maximizing the ex­
pected monetary returns is a common practice in much applied work. 
Utility maximization has been used in a limited number of studies where 
utility is a concave function of the returns. The approach of maximiz­
ing utility conforms with economic theory. The utility function also 
allows evaluation of the variability of returns to total utility. The 
risk preferences of the individual are incorporated within the utility 
function. Risk averseness is generally assumed, in which case the ex­
pected utility of the random event will be less than the utility of the 
expected value of the random event. A concave utility function with 
respect to returns will have the characteristics of risk averseness. 
Criteria other than maximization of expected returns or expected 
utility were developed in an attempt to account for risk preferences 
in the decision making process without the need for a utility function. 
The maximin criterion determines the worst possible outcomes and then 
selects the alternative with the highest of these minimum payoffs. The 
maximax criterion maximizes the maximum payoff. The Savage criterion 
focuses on the cost of an incorrect decision and selects the choice where 
the potential loss in minimized. The Hurwicz criterion uses a weighted 
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average of the maximum and minimum payoffs, falling between the maximin 
and the maximax. The potential surprise criterion (Shackle criterion) 
recognizes that decisions are made only «a few times and one is not likely 
to formulate probabilities of the occurrence of the events. Decisions 
are based on the potential adverse surprise associated with the outcomes. 
The satisficing criterion selects alternatives which satisfy predeter­
mined aspiration levels of the decision maker. All of these criteria 
will give different results. There are no rules of which method to use 
other than the subjective impressions the analyst has of the decision 
making process. 
The entire decision making process can be visualized as a Bayesian 
process. The decision maker has an information set that is formed from 
a number of sources including experience, education, and advice and obser­
vation from other decision makers. The decision maker has access to new 
information over time and, therefore, will revise the information set 
based on this new information set. Bayes' theorem is a method of 
modifying the subjective probability set with new information. Bayesian 
decision theory has not been widely used in applied decision analysis, 
though Anderson, Dillon, and Hardaker (1977) view the approach as a 
promising one. 
Estimation of production functions with output uncertainty 
Production function specification where processes are stochastic 
must consider the restrictions the form imposes. The functional form 
can impose risk related restrictions on the production function a_ 
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priori. The production function specification must be flexible enough 
so that the effect of inputs on the deterministic component of production 
is different from the stochastic component (Just and Pope, 1978). Cobb-
Douglas, constant elasticity of substitution, and translog specifications 
impose increased variability of output with increased inputs (Just and 
Pope, 1979). This result is contrary to the observed effect of many 
inputs on output variability. A general form that does not impose re­
strictions a priori is 
y = f(X) + h(X)e (2.53) 
where f(.) is the deterministic component and has the usual properties 
f], fj, fij > 0 and fii < 0, h(') is the stochastic component of the 
production function and is flexible enough that h-f, hj, hij are not deter­
mined a priori, and e is a vector of random disturbances. 
Markov processes 
A Markov process is a method of simplifying certain probabilistic 
dynamic programming problems. The formulation requires knowledge of 
the state of the system, a finite number of actions, and the transition 
from or to a state. There must be a countable, finite number of states. 
The history leading to that state is not required to determine an action 
which will transfer the system into another state. The decision to be 
made in the system is to choose an action, the action being the control 
variable of the system. The state the system moves to is unknown prior 
to the transition. A transition probability matrix contains the probabil­
ities of moving into a state, given the present state and the action. 
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The state of the system can be represented by X^, the action taken 
in the state at time t is represented as At. The present state, Xt, 
can be represented as i, the subsequent state, Xt+i, by j. The prob­
ability that a system in state i will be in state j in time period t+1 
given that At=a, can be represented by Pij(a). The Pij's are the ele­
ments of the transition matrix. The Pij{a) depend neither on t nor on 
the history of the system prior to time t. That is 
Pij(a) = PCXt+l = j : Ht, Xt = i. At = a] (2.54) 
= P[Xt+l = j : Xt = i. At = a] (2.55) 
where Ht is the complete history of the system. The characteristics 
of the transition matrix are 
E Pij = 1 and 0 < Pij < 1 
That is, the sum of the probabilities of going from state i to all j 
states will equal one. Also, the probability of the system transferring 
to a state can not be less than zero nor greater than one. The stochas­
tic transition matrix is used in answering questions about the process. 
The use of a Markov process in a dynamic programming model requires 
a payoff or a cost from the action, a control variable, and a stochastic 
transition matrix. The optimal expected value function, Vr(i,k), is 
the maximum expected discounted profits (at discount rate r) for k pe­
riods given that the process starts in state i. Then, Vp(i,k) satisfies 
the recurrence relation 
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Vr(i,k) = max [R(i,a) + d z Pij(a) Vr (j,k-1)] (2.56) 
a j 
and the boundary condition 
Vr( i ,0) = Bi (2.57) 
where a is the action taken, R(i,a) is the return from state i given 
action a, d is the discounting factor, Pij(a) is the stochastic 
transition probability matrix, B-j is the boundary value for state i, 
and the remaining variables are defined above. The solution procedure 
is similar to the standard dynamic programming solution procedure, back-
counting from the last period to the first period (Dreyfus and Law, 
1979). 
Many uncertain agricultural processes are zero-order Markov proc­
esses. The firm proceeds from the present to a future stage in which 
one of the possible number of states will be attained with a fixed proba­
bility. The probability of the state in the future stage is independent 
of all previous states. Soil erosion can be viewed as a zero-order 
Markov process. The probability of the state in the future stage depends 
upon the current state and the current action. The actions taken to 
attain the current state will not affect the probability outcomes of 
the future stage. 
Karp and Pope (1984) regard stocking rates and range improvements 
in an uncertain environment as a zero-order Markov process. The model 
uses the stocking rate and range improvement as the control variables. 
The uncertainty of the future range condition is weather related. The 
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stocking rate, range improvement, and range condition are defined on 
a finite number of values. The dynamic programming formulation of the 
model is 
J(Ci) = max[g(uk,Ci) + d z Pij(uk) J(Cj)] (2.58) 
Uk J 
where J(C-i) is the maximum expected discounted returns given current 
state C-f, uk is the control combination of stocking rate and range im­
provement, g(«) is a returns function, d is the discounting factor, and 
Plj(uk) is the transition probability that C in period t+1 will equal 
Cj given that C in period t is Ci and the control policy in period t 
is Uk. Karp and Pope (1984) use linear programming to solve, although 
it is less efficient than dynamic programming. The model size is kept 
small for computational reasons, using twelve stocking rates, two range 
improvement alternatives, and eleven range conditions. 
Yield variability 
The variability of yields from different tillage practices can be 
an important determinant in the evaluation of erosion and the tillage 
practices that impact on erosion. Klemme (1985) compares returns and 
the variability of returns from four tillage practices in the production 
of corn and soybeans. Test plot data from Illinois, where conventional 
plow, chisel, slot plant, and no till are the tillage practices, are 
used in the analysis. A second degree stochastic dominance criteria 
is used to evaluate the tillage decision. The conventional plow tillage 
practice was found to dominate the remaining three tillage practices 
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when there were no costs associated with soil erosion. Erosion costs 
were parametized upward and as the erosion costs increased, the dominat­
ing tillage practice was one of the reduced tillage practices. The gen­
eral results of the study have similarities with studies that do not 
take yield variability into account. That is, when the costs of erosion 
are not taken into account, myopic foresight, the best tillage practice 
will be conventional tillage. High erosion costs will tend to shift 
the best tillage practice towards one that reduces the amount of erosion. 
Other Modelling Considerations 
Technology 
Technology advances in crop yields can mask the impact of soil ero­
sion on yields in the short term. Yield increases from technology have 
been at a much higher rate than yield decreases caused by erosion. The 
net effect has been increasing yields experienced by producers even 
though the soil is being eroded and yield productivity declining. Taylor 
and Young (1985) discuss the influence of technological progress in a 
long run context when soil erosion is present. Yield is an increasing 
function of soil depth with yield becoming a maximum at some depth of 
soil. Technological progress will shift this yield function upward such 
that at the same soil depth, yields are higher. The increase in yield 
is not constant across all soil depths but rather is a multiplicative 
term. The actual yield will increase more on the thick soils than on 
the thin soils. Soil erosion in the present time period will impose 
costs in the future that can be higher in the case of technological 
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advancement than in the no technological progress case because the yield 
impact of erosion is actually greater. 
Machine replacement 
Asset replacement is a major decision process of the firm. The 
decision involves evaluation of the costs and returns of replacing and 
of keeping the asset. Replacement assets also involve the evaluation 
of the impact of technological changes on the production process of the 
firm. The marginal principle decision rule in asset replacement is to 
compare gains from keeping the current asset for another time period 
with the opportunity gains from replacing the asset in that time period. 
In the case of a machine, the machine should be kept another period if 
the earnings from retaining it for another period exceed the opportunity 
earnings from replacement. 
A general asset replacement model is developed by Perrin (1972) 
to determine the age an asset should be replaced. The resulting replace­
ment principles are general enough to apply to assets such as capital 
goods, goods in process, and capital equipment. The case of a series 
of identical challengers when there is no defender will result in a gain-
maximizing replacement age at which the marginal revenue from retaining 
the asset equals the marginal opportunity costs. The marginal revenue 
of holding the asset is the residual earnings plus any change in the 
value of the asset. The marginal opportunity cost of holding the asset 
is the interest which could be earned from the sale of the asset plus 
the opportunity cost of postponing the earnings which will be realized 
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from all subsequent assets. The higher the future earnings from replace­
ment, the lower will be the age at which the machine is replaced. 
The case of replacing a defender asset with a challenger asset is 
similar to the above case. The decision rule is to keep the defender 
until the marginal revenues equal the marginal opportunity costs. The 
marginal revenue from the defender is the residual earnings from the 
defender plus changes in the asset value of the defender. The marginal 
opportunity cost of keeping the defender is the interest on the sale 
of the defender plus the capitalized value returns from a series of 
challengers. The higher the capitalized value of the challengers, caused 
by a number of factors including technological improvements, the sooner 
the defender will be replaced. 
The effect of the discount rate on replacement age is a priori am­
biguous for capital assets. The discount rate, the cost of new assets, 
the salvage value of the defender asset, and the path of the residual 
earnings are all required to determine the effect of the discount rate 
on the replacement age of the asset. There are assets that with a rising 
discount rate may be replaced earlier, others will be replaced later, 
and a given asset may be replaced earlier up to some rate and then later 
at higher rates. 
The decision to replace machines used in a production process must 
often occur in conjunction with production decisions. Machines with 
specific characteristics are required for specific production processes. 
For example, hay equipment is required in the production of hay, cotton 
pickers for the production of cotton and neither equipment is suitable 
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for the other production process. Similarly, tillage equipment for 
conventional tillage practices is not appropriate for minimum tillage. 
The optimal decision rules for a specific production pattern as outlined 
by Perrin (1972) may not be optimal in the mutually dependent case. 
The general concepts should still apply but the opportunity costs of 
keeping the machine must include the costs of changing the production 
practices. 
There is a need to simultaneously determine production and farm 
machine replacement decisions because the two are mutually dependent, 
the opportunity cost of replacing a machine must include the production 
related gains, or losses, from replacement decisions that require a pro­
duction process change. The replacement decision must also include the 
impact of constraints on the replacement age. Financial constraints 
on a firm can result in higher replacement ages because of the higher 
implicit costs of replacement imposed by the constraint. 
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CHAPTER III. THE MODEL 
The Conceptual Model 
The process of producing saleable output involves an evaluation 
of the characteristics of the production unit by a decision maker and 
then choosing a set of actions which the decision maker believes will 
attain the desired or "best" outcome. The firm has a set of unique char­
acteristics that with the actions chosen will produce a unique set of 
outputs and may also alter the characteristics of the firm. This phenom­
enon gives rise to a dynamic process. The decisions of the previous 
period will partially determine the set of actions that can be undertaken 
in the present period and present actions will partially determine the 
actions taken In future periods. Thé decision process may also Involve 
events of nature which are uncontrollable, preventing the decision maker 
from attaining any exact desired output. 
Hildreth (1957) Is critical of traditional firm modelling in an 
uncertain environment and outlines a modelling approach to handle his 
objections. He postulates that the firm has a criterion function to 
evaluate the desirability of production. Production is a function of 
the set of inputs used and a set of uncontrollable events. Furthermore, 
the input strategy is Influenced by the uncontrollable events since they 
affect the likelihood of various desired outcomes. The model thus con­
tains an evaluation criterion and a production relationship in a uncer­
tain environment. Lee (1971) expanded on this concept and viewed the 
firm as a transformation unit in which sets of inputs are used to produce 
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sets of outputs. The outputs of the process are saleable product pro­
duced, the characteristics of the firm, and outputs of the uncontrollable 
events. The desirability of the output is the criterion used to evaluate 
actions and make decisions. The inputs in the process include uncon­
trollable events and actions taken by the firm in the form of inputs 
and production decisions. Actions are a product of the firm character­
istics, information available, and the characteristics of the decision 
maker including the ability to process information. 
Decision making is a feedback learning process. A decision is formu 
lated from information from previous periods as well as the impacts on 
future periods. Long term decisions do not prevent a re-evaluation and 
reversal of the decision in subsequent periods. The formulation of a 
decision model that is both dynamic and contains uncertainties is de­
scribed in the following set of relationships. 
T 
max z (l+r)-t (bjigt.sjigt.cjigt) (3.1) 
subject to 
(bjlgt.Sjlgt'Cjlgt) = m(ajit.Sjit) (3.2) 
(ajlt) = v(cjit-l.it'djlt) (3.3) 
Equation 3.1 is the desirability measure of production, equations 3.2 
and 3.3 describe the input transformation to output and the formation 
of actions. The variables include r (re R), the discount rate of the 
production measure, b (be B), the saleable output, s (s e S), the set 
of uncontrollable events, c (c e C), the set of characteristics of the 
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firm, m (m e M), the transformation set in the production process, a 
(a G A), the set of actions available, i (i e I), the information set 
of the producer, and d (d e D), the decision set. The subscripts are 
j, the item produced or used in production, 1, the level of the item, 
g, the desirability of the item, and t, the time period. 
The conceptual model is a very general description of the production 
process. There are saleable output and firm characteristics produced 
from production and they have a measure of desirability. The outputs 
are determined by actions and uncontrollable states of nature. Further­
more, the actions of the firm will be determined by previous firm charac­
teristics, available information, and the decision set. The actions 
through the decision process are the controls which determine the path 
of the firm over time. 
This conceptual model fits the soil erosion problem. Items that 
can be produced include corn, oats, soybeans, hay, and other crops. 
The level of production will depend on inputs, weather, and the produc­
tion system. The desirability of the outputs will depend on their price. 
The characteristics of the firm will include the amount of soil remain­
ing after soil erosion is taken into account, the financial structure 
of the firm, and the production technology. The change in soil, soil 
erosion, will affect the desirability of production as well as the char­
acteristic set for the next period. The sets of decisions as well as 
actions will be impacted by erosion and new information. 
56 
The Linear Programming Model 
The model required to analyze soil erosion must be capable of ac­
counting for soil erosion impacts over time. The linear programming 
model used in this analysis is a polyperiod model capable of tracking 
soil erosion, machinery assets, and investments over time. Soil erosion 
is tracked to facilitate yield declines caused by the eroding soil. 
Investments handled in the dynamic framework are terraces, machinery, 
and financial instruments. The model allows for competing methods to 
reduce soil erosion. These methods include terracing, reduced tillage, 
and the production of less erosive crops. The objective of the model 
is to maximize the net present value of returns over a given time hori­
zon. 
Mathematical representation 
The mathematical representation of the model is presented in the 
following set of equations. 
T-1 
max z (l+r)-t [ z z z z E PitQijkcetYijkcet -
t=0 i j k c e 
Z Z Z Z Z Z CIntXnijkcetYijkcet - Z CTjTRjt - Z CTIjTRIj -
n i j k c e j j 
CPt - Z CMmMImt + Z RMmMSmt - Z CFfFft - CXtTXt - dtDt] -
m m f 
(l+r)-T C(PiTQEijkT)(SjO-SjT)/r] (3.4) 
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subject to 
Sjt+1 = Sjt - SEj 
Mmt+1 = Mmt - aMmt + MImt - MSmt 
Fft+1 = Fft + Bt - bFft 
TRjt+1 = TRjt + TRIjt 
DTMt+i = DTMt + hMIt - DMt 
DTTt+l = DTTt + uTRIt - DTt 
A{YV) < R 
(3.5) 
(3.6) 
(3.7) 
(3.8) 
(3.9) 
(3.10) 
(3.11) 
where; 
A is the technical coefficient matrix of production, 
B is the new debt(additional cash), 
CI is the input cost, 
CF is the cost(return) from borrowing(saving), 
CM is the cost of a new machine, 
CP is personal consumption, 
CT is the yearly cost of maintaining terraces, 
CTÎ is the cost of terracing an acre of land, 
CX is the tax rate, 
D is sediment from erosion, 
DM is the machine depreciation pool applied to taxes, 
DT is the terrace depreciation pool applied to taxes, 
DTM is the depreciation pool for machines, 
DTT is the depreciation pool for terraces, 
F is the financial instrument, savings and loans of varying 
maturity. 
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MI is the amount of new machine purchased, 
MS is the amount of machine sold, 
P is the price of saleable output, 
Q is the quantity of saleable output per unit of the activity, which 
is a function of the level of inputs, soil quantity, and tech­
nology, 
QE is the yield decline per ton of soil eroded, 
R is the supply of resources available for production, 
RM is the sale price of a machine, RM < CM, 
S is the quantity of soil, 
SE is soil eroded, 
TR is the amount of acres in terraces, 
TRI is the amount of newly terraced acres, 
TX is taxable income, 
X is the input use in production, 
Y is the activity level from production, 
YV is a vector of activity levels, 
a is the hours of machine use, 
b is the proportion of the loan paid in the period, 
d is the tax on sediment, 
g is technological change, 
h is a factor determining the amount of the machine purchase that 
can be depreciated, which will be less than one because of 
the investment tax credit, 
r is the discount rate. 
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u is a factor of depreciation for terraces, 
and where the subscript: 
c is the tillage practice, 
e is the soil erosion interval, 
f is the financial instrument, 
i is the crop produced, 
j is the production field, 
k is the crop rotation, 
m is the machine, 
n is the input, 
t is time, and 
T is the length of the time horizon. 
Model description 
The model is constructed for a finite number of years. The objec­
tive function maximizes the present value of the stream of income over 
the time horizon. The components within the square brackets of equation 
3.4 are discounted. The first component within the square brackets is 
the gross returns from the production of saleable output summed across 
crop rotation, tillage practice, soil erosion interval, and field. Yield 
is a function of the amount of soil and inputs used in the production 
process as well as technology. The second term includes the cost of 
inputs used in production. The third term is the yearly cost of terrace 
maintenance. The fourth term is the cost of constructing terraces. 
The fifth term is personal expenditures. The sixth term is the 
expenditure on new machines and the seventh term is the receipts from 
the sale of machines. The eighth term is the cost of financial services, 
interest income being a negative cost. The ninth term is income tax 
and the tenth is the tax on sediment. The final term is a damage function 
that is included to take account of the impact of soil erosion from the 
end of the time horizon to infinity. 
The maximization is subject to a number of time path constraints, 
as well as resource constraints. The time path constraints are the proc­
esses which connect the different time periods together and facilitate 
the dynamics of the model. The first time path constraint is that of 
soil. The quantity measure of soil in the next period equals the pre­
sent quantity of soil less the amount of soil eroded in the period. 
The second constraint indicates that the amount of machines available 
will equal the starting quantity, less use, plus purchases, less sales. 
Financial positions will be the incoming amount plus additions less pay­
ments. The amount of terraced acres will be the incoming plus newly 
terraced acres. The depreciation pools the following year will equal 
the amount at the start of the year plus additions from capital purchases 
after the investment tax credit is taken into account, less the amount 
claimed against taxable income. The resource constraints are for inputs 
required in production, including land, machinery, and financial capi­
tal. The level of the resource constraints can be influenced or deter­
mined by the time path constraints. 
A schematic of the linear programming model is presented in Appendix 
C. The location of values in the matrix are indicated by a coefficient 
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and the sign of the coefficient. The actual coefficient values of the 
linear programming matrix are not included due to space considerations. 
Three years are included in the Appendix, which is adequate to show the 
transfers and connections between periods. 
Soi 1 s There are four soils used the model. The soils are the 
common soils of Northeastern Iowa. The soils, slope of the soils, and 
the erosion phase are selected to represent the soils in the area and 
to represent the erosiveness of the soils. The first soil is an Atter-
berry silt loam (291A1) which is relatively deep and level. The soil 
has slopes of 1 to 3 percent, drainage could be a problem because it 
can be poorly drained, and erosion is not considered a hazard. The soil 
is in erosion phase 1, indicating little or no erosion from previous 
cultivation. The second soil is a Downs silt loam (162C2) that has slopes 
of 5 to 9 percent and the erosion phase 2 indicates the soil is moder­
ately eroded from previous cultivation. This soil occurs along ridges 
and long side slopes in irregularly shaped parcels. The third 
soil is a Fayette silt loam (163D2) that has slopes of 9 to 14 percent 
and is moderately eroded. Erosion is a hazard on soils with these steep 
slopes. The soil is present on long side slopes. The fourth soil is 
a Dubuque silt loam (183E2) that has slopes of 14 to 18 percent and is 
moderately eroded. The soil is underlaiden by limestone at a depth of 
20 to 30 inches. The soil is subject to severe erosion if cultivated 
crops are grown. The soil is generally not well-suited for cultivated 
crop production. 
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Fields Fields are composed from differing amounts of the soils 
listed above. Soils exist in rather disjointed configurations which 
makes it difficult, if not impossible, to farm fields along soil boun­
daries. The result is that fields generally consist of a number of dif­
ferent soils, all farmed with the same practice. The optimal practice 
of a field may be nonoptimal for the soils in that field. The nonoptimal 
practices by soil may impose costs on the system, but such costs may 
be less than the costs of farming the soils separately. The model has 
four field types, each consisting of a different mix of soils, and a 
fifth field type which is the third field type after terracing. 
Rotations Cropping rotations are developed to reflect the crop­
ping practices in the area and to allow for erosion control and reduction 
through the use of the cropping practice. The principal cash crop pro­
duced in the area is corn. Corn and hay are the predominant crops in 
Clayton county of Northeast Iowa. Four crop rotations are included in 
the model. The first is continuous corn. The second rotation is a 
corn - soybean rotation. The third crop rotation includes legume hay 
primarily for the purpose of controlling soil erosion. The rotation is 
corn - oats - three years of hay. The fourth rotation does not include 
a row crop and is oats - with four years of hay. Row crops are general­
ly the most erosive crops and the inclusion of oats and hay will facili­
tate erosion reduction through the cropping practice, if it is profitable. 
Tillage practices Soil erosion can also be controlled through 
the use of the tillage practice. The greater the amount of residue on 
the soil surface, the less soil erosion there will be with all else 
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equal. Two tillage practices are used in the model. The tillage prac­
tices will be referred to as conventional till and minimum till. The 
conventional tillage practice includes the use of a number of tillage 
implements which leave less than 30 percent of the crop residue remaining 
after planting. The minimum tillage system leaves approximately 80 per­
cent of the residue from the previous crop remaining after planting. 
The tillage practices require the use of some of the same machines but 
the majority of tillage related machines differ by the tillage practice. 
The minimum tillage practice requires less tillage and fewer pieces of 
equipment, but the equipment is generally more expensive. The savings 
in tillage equipment costs from minimum tillage will be partially offset 
by higher herbicide costs, see Tables 3.4 through 3.8. 
Erosion conditions The impact of soil erosion on productivity 
is modelled by the use of erosion conditions. An erosion condition is 
defined by the gross tonnage of soil erodible. The existence of nonlinear 
yield impacts from soil erosion would require several conditions to obtain 
a linear approximation of the yield impacts. This model uses linear yield 
impacts so it requires two erosion conditions. Each condition has a crop­
ping activity associated with it which reflects the productivity associ­
ated with the specified level of soil. The lower productivity activities 
of the eroded conditions are forced into the model as soil erosion occurs. 
All production will be in the noneroded rotation condition in the first 
year of the model because there is no cumulative soil erosion. Production 
would be entirely in the eroded rotation condition when the cumulative 
soil erosion equals the gross tonnage of soil erodible. 
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Terraces Soil erosion can be controlled through physically al­
tering the length and steepness of the slopes. The model is constructed 
to allow an erosive field to be terraced in order to control soil ero­
sion. Terracing can be a substitute for controlling erosion by the til­
lage practice and crops, or it can be complemented by the production 
practice. The terraces in the model are grassed backslope terraces. 
Financial assets and liabilities The model is constructed with 
four financial instruments: cash, short term loans, intermediate term 
loans, and long term loans. Cash is required by activities which pur­
chase inputs, to pay a portion of the initial cost of investments, to 
pay off debts, to pay taxes, and for personal consumption expenditures. 
Short term debt is used in the production activities for the purchase 
of inputs such as fuel, fertilizer, and seed. Short term loans are for 
a period of six months, at which time they must be paid off. Intermedi­
ate term loans are used for the purchase of machines. They can also 
be used to cover off cash shortfalls during periods of low cash genera­
tion. Intermediate term loans have a pay-back period of five years. 
Long term loans are available for major investments such as land pur­
chases and terracing. The model does not include land purchases and 
as a result additional long term debt can only come through terracing. 
Long term debt has a pay-back period of 30 years. The farm can start 
out with intermediate and long term debt from previous major capital 
expenditures on machinery and land. 
Machinery Machines can be categorized into those that are not 
specific to the tillage practice, those specific to conventional tillage. 
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and those specific to minimum tillage. The machines not specific to 
the tillage practice include harvesting equipment, sprayers, and fertil­
izer application equipment. These machines and their costs are handled 
exogenously in the model and costed in the objective function. The ma­
chines specific to the tillage practice are explicitly in the model and 
must either be purchased or be present in the inventory for the machine 
and the corresponding tillage practice to be used. The machines specific 
to conventional tillage in the model include a plow, a field cultivator, 
a conventional planter, a row cultivator, a chisel plow, a tandem disk, 
and a conventional grain drill. The machines specific to minimum tillage 
include a minimum till planter, a rolling cultivator, a stalk shredder, 
and a minimum till grain drill. The machines can be bought or sold. 
The purchase price of the machine is the new list price. The sale price 
of a machine is the salvage value price of the machine. Salvage value 
is base on the list price and the remaining life of the machine. It 
is an engineering based calculation reported by Kletke (1979). The sal­
vage values for the machines used in this study are reported In Table 
B.8. The purchase and sale of machines in a linear programming model 
can occur for a portion of a machine, which is inconsistent with the 
fact that machines are bought and sold in whole units. Integer program­
ming will be used to obtain solutions in which machine purchases are 
integer values. 
Taxes Taxes are paid on the net return from production. There 
are three tax rates in the model to reflect the progressive tax system. 
The three lowest rates are included because taxable income will not 
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exceed the third rate in this model, given the size of the farm and farm 
prices. The rates in the model are 15 percent for the first 25 thousand 
dollars in taxable income, 18 percent for the next 25 thousand, and 30 
percent over 50 thousand. The calculation of taxable income will not 
be exact in this model because the tax structure is simplified to keep 
the model a manageable size. The taxable income calculation though 
should be close to the actual. The gross return in the tax calculation 
is revenue from the sale of crops. Expenses that reduce the taxable 
income include cash expenses for fertilizer, seed, fuel, repairs, and 
other cash expenses. Machines and terraces are depreciable assets and 
the capital cost allowance for these items are applied against taxable 
income. 
Personal consumption Cash requirements for personal consumption 
purposes are incorporated in the model. The. consumption function in 
the model is based on a minimum cash allocation per year. The consump­
tion function used in this model allocates fifteen thousand dollars as 
a minimum cash requirement. 
Penalty function A penalty function is incorporated in the model 
in the last period to take account of the impact of erosion up to that 
time on the future time periods not covered by the model. The penalty 
function is a way to take account of soil erosion from the end of the 
finite time period to infinity. The penalty is the net present value 
of the capitalized loss of income, due to the eroded soil, at the end 
of the time horizon. The penalty function is based on the price, yield, 
and yield impact of corn. The value is calculated by the following 
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equation 
PiT = (YIi/100) * CYiT * CP * {l+r)-T/r (3.12) 
where P is the penalty function value, YI is the yield impact for corn 
(Table 3.1), CY is the corn yield, CP is the corn price, r is the discount 
rate, T is the time horizon, and i is the field. The value depends on 
the corn price, the yield impact, the yield, the discount rate, and the 
length of the time horizon. In the case when the discount rate is zero, 
the equation is divided by a discount rate of one-half of one percent 
to prevent division by zero. 
Transfers A polyperiod linear programming model requires con­
nections between periods to transmit information across the periods. 
This model is connected across periods by soil eroded, terraces, inter­
mediate and long term debt, cash, depreciation pools for machines and 
terraces, and the type and amount of machines. An accounting of the 
quantity of soil eroded is required to determine the impact of erosion 
on yields and input requirements. The model assumes linear yield im­
pacts. The yield impacts estimated by the EPIC model data were linear 
within the range of soil erosion obtained in the model runs. The produc­
tivity impacts from soil erosion are modelled with the use of two rota­
tion types incorporating the productivity impacts. The first is the 
noneroded condition of the field. The second is the eroded condition 
of the field. The eroded condition of the field is forced into produc­
tion as soil erosion accumulates. This causes lower crop production 
and higher input requirements than in the noneroded case. The machine 
and depreciation pool transfers are an accounting type of transfer that 
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moves ending inventory from the present period into the beginning inven­
tory of the next period. Intermediate and long term debt transfers are 
done in the activities that pay the interest and principal for the pe­
riod. The transfers are illustrated and explained in more detail in 
Appendix C. 
Time horizon and discounting The model is constructed with 10 
time periods that cover 100 years of production. The time periods are 
single years for the first five years and the subsequent periods account 
for multiple years. The ending years of the time periods are 1, 2, 3, 
4, 5, 10, 20, 30, 50, and 100. The purpose of putting several years 
into one period is to reduce the size of the model to facilitate the 
polyperiod analysis. The first periods are single year periods because 
they are the most critical periods, given the discounting in the model. 
Future returns and costs are discounted. The discount rate is applied 
to each period and the rate for the multiple periods is applied at the 
midpoint of the period rather than at the beginning or at the end of 
the period. 
The Farm 
The farm used in the study is a cash grain farm in Northeastern Iowa. 
The farm has 480 acres of cultivated land, higher than the average farm 
in the area. The farm has an initial allocation of machinery for tillage, 
power, and harvest. The power and harvest equipment are not explicitly 
in the model but are costed in the rotations. The tillage equipment 
is conventional. The farm is assumed to have an ample supply of labor. 
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therefore, labor constraints are not included in the model. The farm 
has initial debt of five thousand dollars intermediate term and fifty 
thousand long term. There are no external debt constraints. Debt is 
limited internally through the repayment ability of the farm. Personal 
consumption is set at fifteen thousand dollars per year. 
Data 
Soils 
Soil specific data are required for the estimation of soil erosion 
impacts, soil erosion, and to determine yields and fertilizer require­
ments by crop rotation. The impact of soil erosion on crop yields is 
estimated using a daily plant growth simulation model (Williams, Dyke, 
and Fuchs, 1983). The model is also used to estimate the level of ero­
sion and sediment by rotation and tillage practice. The erosion produc­
tivity impact calculator (EPIC) plant growth model simulates plant growth 
and soil erosion over a time period. This analysis is simulated for 
100 years. The data are then analyzed to estimate the impact of soil 
erosion on crop yields. The procedure used is described 1n more detail 
in Appendix A. The model is run for each soil, rotation, and tillage 
practice. An additional run is made with erosion forced to zero (P 
factor set to zero), and differences are taken from the eroded and non-
eroded runs to eliminate random fluctuations from weather. The two runs 
of EPIC start with the same weather seed and generate the same weather 
pattern. The differences in inputs and production should be from soil 
differences and not weather. Yield and fertilizer differences are then 
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regressed against the cumulative erosion to obtain the erosion impacts. 
The EPIC model will compensate for some of the loss in soil by applying 
additional nitrogen and phosphorous fertilizer. This is consistent with 
the response of farmers to erosion. The increased nutrients will reduce 
the impact on yield due soil erosion. 
A summary of the erosion related soil information required for the 
linear programming model is contained in Tables 3.1 and 3.2. The slope 
length and slope percent give an indication of the erosiveness of the 
soil. Soil erosion is estimated by rotation and tillage practice for 
each soil. The erosion impact is estimated by crop by soil. The crop 
yield is estimated by crop sequence and is the base yield without the 
impacts from erosion. The first crop listed in each line of Table 3.2 
is the present crop. The second crop listed is the crop grown the 
previous year. 
Soil erosion and sediment delivery by crop rotation and tillage 
practice are obtained from the EPIC model (Williams et al., 1983). The 
soil erosion measure used is the Onstad-Foster (AOF) measure, which is 
a variation of the universal soil loss equation (USLE). The AOF measure 
of soil erosion is based on storm events. The calculated AOF erosion 
is close to the calculated USLE erosion estimate. Sediment is obtained 
from a modified universal soil loss equation (MUSLE) in the EPIC model. 
The MUSLE replaces the rainfall intensity factor in the USLE with a mea­
sure of storm runoff and peak flows (Fogel et al., 1976). Soil erosion 
and sediment used in the model are an average over the time horizon used 
in the EPIC model. The values for a specific year can not be used 
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Table 3.1. Summary of erosion data by soil In the model 
Atterberry Downs Fayette Dubuque 
Slope length (ft) 230 197 197 164 
Slope percent 2 7 11 16 
Erosion conventional tillage (ton/ac) 
Rotations 1 1.22 8.55 19.45 56.77 
2 1.50 10.00 21.40 66.60 
3 1.00 5.00 10.00 15.00 
4 1.00 4.00 5.00 10.00 
Erosion minimum tillage (ton/ac) 
Rotation 1 .60 4.10 8.50 24.00 
2 .60 4.50 9.20 26.40 
3 .50 4.00 8.00 12.00 
4 .50 3.00 4.00 5.00 
Sediment conventional tillage (ton/ac) 
Rotation 1 .43 3.85 13.62 54.00 
2 .53 4.50 15.00 63.27 
3 .35 2.25 7.00 14.25 
4 .35 1.80 3.50 9.50 
Sediment minimum tillage (ton/ac) 
Rotation 1 .21 1.85 5.95 22.80 
2 .21 2.03 6.44 25.08 
3 .18 1.80 5.60 11.40 
4 .18 1.35 2.80 4.75 
Erosion impact (% of crop yield per ton of soil eroded) 
Yield corn -.000420 -.000025 -.000259 -.009947 
beans -.002526 -.000507 -.000947 -.056950 
oats -.000210 -.000018 -.000129 -.004974 
hay -.000839 -.000051 -.000517 -.019894 
(% of nitrogen applied per ton of soil eroded) 
Nitrogen corn .011755 .003056 .002334 .000769 
beans 0.0 0.0 0.0 0.0 
oats .035266 .009168 .007001 .002308 
hay 0.0 0.0 0.0 0.0 
(% of phosphorous applied per ton of soil eroded) 
Phos. corn .131713 .002139 .011969 0.0 
beans .14760 .002139 .027834 0.0 
oats .131712 .002139 .011969 0.0 
hay .131713 .002139 .011969 0.0 
^Rotation is a sequence of crops: 1 = corn; 2 = corn - soybeans; 
3 = corn - oats - 3 years hay; 4 = oats - 4 years hay. 
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because with random rain events the values for a specific year will 
reflect the weather of that year, not only the cropping practice. These 
data required for this model are averages over time, not an individual 
year. This model is not a stochastic model. 
Yields and fertilizer use from the EPIC model are checked against 
soil survey yields to obtain the model yield. The yields from the EPIC 
model were nearly the same as the soil survey yields. Nitrogen require­
ments from the EPIC model and from calculating plant nutrient requirements 
(Voss, 1983, 1985) were compared. The values were similar for rotations 
containing a single crop. The EPIC model results did not correspond with 
nutrient requirements when a legume crop was included in the rotation. 
The EPIC model required nitrogen on soybeans (26 Ibs./ac. on the Fayette 
soil) and required additional nitrogen on the corn crop following soybeans 
(12 Ibs./ac. on the Fayette soil). These results from the EPIC model are 
not what is observed in the field. Therefore, nutrient requirements are 
calculated on the basis of crop needs from Voss (1983, 1985), rather than 
from the EPIC fertilizer output. Potassium requirements are estimated 
from plant nutrient needs also (Voss, 1983, 1985). Fertilizer require­
ments by soil are in Table 3.2. The requirements are by crop sequence, 
the present crop listed first and the crop from the previous year listed 
second. 
Fields 
There are four field types in the model. The field types consist of 
a mix of the four soils. The 480 acres of the farm by field acreages are 
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Table 3.2. Summary of yield and fertilizer data by soil 
Atterberry Downs Fayette Dubuque 
Yield corn-corna 153.0 149.0 131.0 67.0 
(bu) corn-beans 160.0 156.0 138.0 70.0 
corn-hay 160.0 156.0 138.0 70.0 
beans-corn 51.0 50.0 44.0 21.0 
oats-corn 92.0 89.0 79.0 38.0 
oats-hay 92.0 89.0 79.0 38.0 
(ton) hay-oats 5.5 5.7 5.0 2.4 
hay-hay 6.1 6.3 5.5 2.7 
Nitro. corn-corn 193.0 188.0 165.0 92.0 
(lbs) corn-beans 140.0 135.0 119.0 68.0 
corn-hay 78.0 70.0 21.0 21.0 
beans-corn 0.0 0.0 0.0 0.0 
oats-corn 0.0 0.0 0.0 0.0 
oats-hay 0.0 0.0 0.0 0.0 
hay-oats 0.0 0.0 0.0 0.0 
hay-hay 0.0 0.0 0.0 0.0 
Phos. corn-corn 57.0 55.0 48.0 26.0 
(lbs) corn-beans 57.0 55.0 48.0 26.0 
corn-hay 59.0 58.0 48.0 26.0 
beans-corn 46.0 45.0 40.0 21.0 
oats-corn 24.0 23.0 21.0 11.0 
oats-hay 24.0 23.0 21.0 11.0 
hay-oats 82.0 85.0 75.0 37.0 
hay-hay 83.0 86.0 76.0 37.0 
Potas. corn-corn 39.0 38.0 33.0 19.0 
(lbs) corn-beans 41.0 40.0 35.0 19.0 
corn-hay 40.0 39.0 35.0 18.0 
beans-corn 75.0 74.0 65.0 28.0 
oats-corn 18.0 18.0 16.0 7.0 
oats-hay 18.0 18.0 16.0 7.0 
hay-oats 279.0 289.0 252.0 128.0 
hay-hay 281.0 291.0 254.0 128.0 
^Present crop followed by the previous year's crop. 
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40, 160, 240, and 40, respectively. The acreages of the four soils in 
this model for Clayton county are 635 Atterberry, 67,550 Downs, 191,445 
Fayette, and 24,750 Dubuque. The Atterberry soil has few acres compared 
with the other three soils, but is included to represent soils with very 
little erosion hazard, those with slopes of zero to two percent. Of 
these four soils, the percent acreage distribution by soil is respec­
tively .2, 23.8, 67.3, and 8.7. The proportions of each soil in each 
field type are in Table 3.3. 
Table 3.3. Soil proportions in each field 
Soil Atterberry Downs Fayette Dubuque 
Field 1 0.17 0.63 0.20 0.00 
2 0.00 0.50 0.50 0.00 
3 0.00 0.08 0.83 0.09 
4 0.00 0.00 0.47 0.53 
5 0.00 0.08 0.83 0.09 
The field types reflect different severities of erosion, from a 
field where erosion is a small concern (field 1) to where it is a major 
concern (field 4). The acreages of each soil in the model are respec­
tively 6.8, 105.2, 306, and 42.8, giving a percent acreage distribution 
of 1.4, 21.9, 63.8, and 8.9. 
Rotations 
Data in the model are by rotation by field. The rotations are con­
tinuous corn (C), corn - soybeans (C-B), corn - oats - three years of 
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hay (C-0-H(3)), and oats - four years of hay (0-H(4)). Yields, fertil­
izer, erosion, and other inputs are all specified by rotation within a 
field. The production and inputs for each rotation in each field are 
specified in Tables 3.4 through 3.8. The yield, fertilizer, erosion, and 
sediment values by field reflect the soils within the field. For ex­
ample, fields that are highly erosive contain soils which are highly 
erosive. 
The costs of machines and machine use are specified by rotation. 
The details of the machine cost calculations can be found in Appendix B. 
The machine operating costs are calculated by the methods described by 
Edwards and Ozkan (1985) and by Kletke (1979). Machine costs for conven­
tional and minimum tillage systems contain all machine and power costs 
for implements which are used in both tillage systems plus the power 
(tractor) costs of each tillage system. The fixed costs of the conven­
tional tillage and minimum tillage machines specified in the model are 
not costed into the objective function of the rotations. The fixed costs 
are modelled through the explicit purchase and use specified in the model. 
The variable costs are included in the rotation objective function value. 
Terraces 
The field with predominantly Fayette soils is the only field type 
that can be terraced. The field does not have to remain terraced once it 
has been terraced. It can switch back to a nonterraced field. The model 
does allow the field to remain terraced across time periods if it has been 
terraced. The terrace used in the model is a grassed backsloped terrace. 
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Table 3.4. Rotation specific data for field 1 
Rotation C-B C-0-H(3) 0-H(4) 
Yield corn (bu) 
soybeans (bu) 
oats (bu) 
hay (ton) 
Nitrogen corn (lbs) 
oats (lbs) 
Phosphorous corn (lbs) 
soy. (lbs) 
oats (lbs) 
hay (lbs) 
Potassium corn (lbs) 
soy. (lbs) 
oats (lbs) 
hay (lbs) 
Soil erosion (ton/ac) 
conventional till 
minimum till 
Sediment (ton/ac) 
conventional till 
minimum till 
Machine cost-conven. 
variable 
fixed 
-minimum 
variable 
fixed 
146.1 153.1 153.1 -
- 48.7 - -
- - 87.5 87.5 
- - 5.9 6.0 
184.3 132.7 61.6 -
- - 0.0 0.0 
53.9 53.9 56.6 -
- 44.2 - -
- - 22.8 22.8 
- - 82.5 83.5 
37.2 39.2 38.4 -
- 72.4 - -
- - 17.6 17.6 
- - 279.9 281.9 
9.5 10.8 5.3 3.7 
4.4 4.8 4.2 2.8 
5.2 5.9 2.9 1.9 
2.4 2.6 2.3 1.4 
23.71 19.18 22.06 22.12 
20.90 18.06 22.47 30.17 
20.95 16.34 20.97 21.52 
19.35 16.36 26.85 29.82 
26.81 23.50 4.21 0.00 
34.80 29.85 8.53 4.32 
0.0 0.0 .079 .079 
.115 .057 .023 0.0 
.228 .228 .046 0.0 
.538 .404 .108 0.0 
.206 .206 0.0 0.0 
.164 .082 .098 .033 
0.0 0.0 .055 .055 
.228 .228 .046 0.0 
.269 .135 .154 0.0 
.286 .143 .057 0.0 
0.0 0.0 .069 .069 
Machine 
conven. 
Chemicals conventional 
minimum 
use (hr/ac) 
plow 
field cult, 
planter 
row cult, 
chisel 
tan. disk 
grain drill 
minimum planter 
rolling cult 
shredder 
grain drill 
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Table 3.5. Rotation specific data for field 2 
Rotation C-B C-0-H(3) 0-H(4) 
Yield corn (bu) 132.1 
soybeans (bu) 
oats (bu) 
hay (ton) 
Nitrogen corn (lbs) 166.4 
oats (lbs) 
Phosphorous corn (lbs) 48.4 
soy. (lbs) 
oats (lbs) 
hay (lbs) 
Potassium corn (lbs) 33.3 
soy. (lbs) 
oats (lbs) 
hay (lbs) 
Soil erosion (ton/ac) 
conventional till 18.8 
minimum till 8.2 
Sediment (ton/ac) 
conventional till 13.0 
minimum till 5.7 
Machine cost-conven. 
variable 23.71 
fixed 20,90 
-minimum 
variable 20.95 
139.1 
44.4 
120.0 
48.4 
40.3 
35.3 
65.5 
20.7 
8.9 
14.4 
6.2 
19.18 
18.06 
16.34 
139.1 
79.6 
5.4 
23.9 
0.0 
50.5 
21.1 
65.6 
35.2 
16.1 
254.2 
9.7 
7.8 
6.7 
5.4 
22.06 
22.47 
20.97 
79.6 
5.4 
0.0 
21.1 
75.6 
16.1 
256.2 
4.9 
3.9 
3.4 
2.7 
22.12 
30.17 
21.52 
fixed 19.35 16.36 26.85 29.82 
Chemicals conventional 26.81 23.50 4.21 0.00 
minimum 34.80 29.8b 8.53 4.32 
Machine use (hr/ac) 
conven. plow 0.0 0.0 .079 .079 
field cult. .115 .057 .023 0.0 
planter .228 .228 .046 0.0 
row cult. .538 .404 .108 0.0 
chisel .206 .206 0.0 0.0 
tan. disk .164 .082 .098 .033 
grain drill 0.0 0.0 .055 .055 
minimum planter .228 .228 .046 0.0 
rolling cult .269 .135 .154 0.0 
shredder .286 .143 .057 0.0 
grain drill 0.0 0.0 .069 .069 
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Table 3.6. Rotation specific data for field 3 
Rotation C C-B C-0-H(3) 0-H(4) 
Yield corn (bu) 128.0 134.7 134.7 
soybeans (bu) - 42.9 - -
oats (bu) - - 76.9 76.9 
hay (ton) - - 5.2 5.3 
Nitrogen corn (lbs) 161.7 116.7 24.9 -
oats (lbs) - - 0.0 0.0 
Phosphorous corn (lbs) 47.0 47.0 49.0 -
soy. (lbs) - 39.1 - -
oats (lbs) - - 20.5 20.5 
hay (lbs) - - 73.1 74.1 
Potassium corn (lbs) 32.4 34.3 34.1 -
soy. (lbs) - 63.1 - -
oats (lbs) - - 15.5 15.5 
hay (lbs) - - 246.3 248.1 
Soil erosion (ton/ac) 
conventional till 21.2 23.7 10.0 5.3 
minimum till 9.2 10.0 8.0 4.0 
Sediment (ton/ac) 
conventional till 15.7 17.5 7.1 3.8 
minimum till 6.8 7.4 5.7 2.8 
Machine cost-conven. 
vari able 23.71 19.18 22.06 22.12 
fi xed 20.90 18.06 22.47 30.17 
-minimum 
variable 20.95 16.34 20.97 21.52 
fixed 19.35 16.36 26.85 29.82 
Chemicals conventional 26.81 23.50 4.21 0.00 
minimum 34.80 29.85 8.53 4.32 
Machine use (hr/ac) 
conven. plow 0.0 0.0 .079 .079 
field cult. .115 .057 .023 0.0 
pi anter .228 .228 .046 0.0 
row cult. .538 .404 .108 0.0 
chisel .206 .206 0.0 0.0 
tan. disk .164 .082 .098 .033 
grain drill 0.0 0.0 .055 .055 
minimum planter .228 .228 .046 0.0 
rolling cult .269 .135 .154 0.0 
shredder .286 .143 .057 0.0 
grain drill 0.0 0.0 .069 .069 
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Table 3.7. Rotation specific data for field 4 
Rotation C C-B C-0-H(3) 0-H(4) 
Yield corn (bu) 97.1 102.0 102.0 -
soybeans (bu) - 31.8 - -
oats (bu) - - 57.3 57.3 
hay (ton) - - 3.9 3.9 
Nitrogen corn (lbs) 126.3 92.0 21.0 -
oats (lbs) - - 0.0 0.0 
Phosphorous corn (lbs) 36.3 36.3 37.3 -
soy. (lbs) - 30.0 - -
oats (lbs) - - 15.7 15.7 
hay (lbs) - - 54.9 55.3 
Potassium corn (lbs) 25.6 26.5 26.0 -
soy. (lbs) - 45.4 - -
oats (lbs) - - 11.2 11.2 
hay (lbs) - - 186.3 187.2 
Soil erosion (ton/ac) 
conventional till 39.2 45.4 12.7 7.7 
minimum till 16.7 18.3 10.1 4.5 
Sediment (ton/ac) 
conventional till 35.0 40.6 10.8 6.7 
minimum till 14.9 16.3 8.7 3.8 
Machine cost-conven. 
variable 23.71 19.18 22.06 22.12 
fixed 20.90 18.06 22.47 30.17 
-minimum 
variable 20.95 16.34 20.97 21.52 
f i xed 19.35 16.36 26.85 29.82 
Chemicals conventional 26.81 23.50 4.21 0.00 
minimum 34.80 29.85 8.53 4.32 
Machine use (hr/ac) 
conven. plow 0.0 0.0 .079 .079 
field cult. .115 .057 .023 0.0 
pianter .228 .228 .046 0.0 
row cult. .538 .404 .108 0.0 
chisel .206 .206 0.0 0.0 
tan. disk .164 .082 .098 .033 
grain drill 0.0 0.0 .055 .055 
minimum planter .228 .228 .046 0.0 
rolling cult .269 .135 .154 0.0 
shredder .286 .143 .057 0.0 
grain drill 0.0 0.0 .069 .069 
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Table 3.8. Rotation specific data for field 5 
Rotation C C-B C-0-H(3) 0-H(4) 
Yield corn (bu) 
soybeans (bu) 
oats (bu) 
hay (ton) 
Nitrogen corn (lbs) 
oats (lbs) 
Phosphorous corn (lbs) 
soy. (lbs) 
oats (lbs) 
hay (lbs) 
Potassium corn (lbs) 
soy. (lbs) 
oats (lbs) 
hay (lbs) 
Soil erosion (ton/ac) 
conventional till 
minimum till 
Sediment (ton/ac) 
conventional till 
minimum till 
Machine cost-conven. 
variable 
f i xed 
-minimum 
variable 
fi xed 
Chemicals conventional 
mi nimum 
Machine use (hr/ac) 
conven. plow 
field cult, 
pianter 
row cult, 
chisel 
tan. disk 
grain drill 
minimum planter 
rolling cult 
shredder 
grain drill 
128.0 134.7 134.7 -
- 42.9 - -
- - 76.9 76.9 
- - 5.2 5.3 
161.7 116.7 24.9 -
-
- 0.0 0.0 
47.0 47.0 49.0 -
- 39.1 - -
- - 20.5 20.5 
- - 73.1 74.1 
32.4 34.3 34.1 -
- 63.1 - -
- - 15.5 15.5 
- - 246.3 248.1 
11.2 12.8 4.9 2.7 
4.9 5.4 3.9 2.0 
6.4 7.3 2.4 1.4 
2.8 3.0 1.9 0.9 
23.71 19.18 22.06 22.12 
20.90 18.06 22.47 30.17 
20.95 16.34 20.97 21.52 
19.3b 16.36 26.85 29.82 
26.81 23.50 4.21 0.00 
34.80 29.85 8.53 4.32 
0.0 0.0 .079 .079 
.115 .057 .023 0.0 
.228 .228 .046 0.0 
.538 .404 .108 0.0 
.206 .206 0.0 0.0 
.164 .082 .098 .033 
0.0 0.0 .055 .055 
.228 .228 .046 0.0 
.269 .135 . .154 0.0 
.286 .143 .057 0.0 
0.0 0.0 .069 .069 
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The terracing costs are based on the costs reported by Pope, Bhide, and 
Heady (1982). The installation cost of the terrace is 500 dollars per 
acre. The annual maintenance cost of the terrace is 2.10 per acre. 
Maintenance costs are required if the terraces are to be maintained. 
Discount rate 
The real rate of interest is examined to determine an appropriate 
discount rate. Data from the years 1960 through 1985 indicate a 3.40 per­
cent average real rate of interest. The minimum rate over this period is 
-1.44, the maximum is 9.27, and the standard deviation is 2.66. The real 
rate of interest was not stable over this time period. The data do have 
two distinct periods. The first is from 1960 through 1979 when the 
average real rate of interest is 2.44 percent. The second period is from 
1980 through 1985 when the average real rate of interest is 7.61 percent. 
A base discount rate of 3 percent is selected for the model. The rate 
selected is low based on the past 6 years but it is close to the long 
term real rate of interest. The use of the lower rate may be a better re­
flection of the social rate of discount because some individuals maintain 
that the social rate of discount is less than the real rate of interest 
(Howe, 1979, p. 156). 
Other costs 
Fertilizer, seed, drying, and overhead costs are based on the work 
of Edwards (1985). Corn is the only crop that has drying costs. Tech­
nology growth in yields is obtained from English et al. (1984). Machine 
prices are those in the Firm Enterprise Data System (FEDS) (Kletke, 
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1979). Machine costs are detailed in Appendix B. Finally, the interest 
rates are 12, 11, and 8 percent per annum for short, intermediate, and 
long term debt, respectively. 
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CHAPTER IV. THE LINEAR PROGRAMMING ANALYSIS 
AND MODEL RESULTS 
The Analysis 
The objective of this study is to determine the optimal production 
system on a farm, given that the producer takes account of all costs 
associated with soil erosion. The use of conservation practices will 
depend on the costs of erosion and the costs and returns from conserva­
tion practices. To facilitate this objective, a polyperiod linear pro­
gramming model is constructed of a representative farm in northeast Iowa. 
The results from a linear programming model, as with any model, are con­
tingent upon the input that went into the construction of the model. 
The sensitivity of the results to the data input is a concern that should 
be pursued in the analysis. The determination of the variables that 
impact on the solution and the magnitude of the impact is important in 
the evaluation of soil conservation. Policy evaluation requires the 
consideration of policy options and the magnitude of the policy required 
to alter the solution toward the socially desirable outcome. 
The major considerations in the modelling process are to take ac­
count of the impact of present day soil erosion on future costs of pro­
duction, to take into consideration the major constraints in production, 
and to have an adequate array of production alternatives. Accounting 
for the future costs of present day erosion required the construction 
of a polyperiod model (multiperiod) in which the periods are connected. 
The connection between years facilitates tracking cumulative soil ero­
sion to determine the impact of present erosion on future costs and 
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returns. Major constraints in the production process include land, finan­
cial instruments such as cash, debt commitments, and a maximum debt ceil­
ing, machinery used in production, and personal cash requirements. The 
array of production alternatives in the model must be adequate to facili­
tate conserving soil through the rotation, the tillage practice, and 
the construction of terraces. 
All data in the model will have an impact on the solution, but the 
solution will be more sensitive to some of the data. The erosion impact 
is likely to be one of the more important data sources in the model that 
will impact on the model solution. Others factors that can have a major 
impact on the results include the discount rate, absolute and relative 
crop prices, the initial debt of the farm, personal consumption and land 
rental rates, technological growth, the initial machine inventory, and 
the tax rate on sediment, if taxed. 
Erosion impacts 
The erosion impacts from the EPIC model are the basis of the erosion 
impacts in this model (Williams, Dyke, and Fuchs, 1983). The accuracy 
of these estimates is not known because the model has not been meticu­
lously evaluated for the soils used in the analysis. The yield impact 
is lower than that reported in some other studies, but these other stud­
ies did not include an impact on fertilizer (Shortle, Miranowski, and 
Pope, Bhide, and Heady). An increase in fertilizer on eroded soils has 
the potential to lessen the yield impact for soil erosion. Alternative 
erosion impacts can be used to test the sensitivity of the results to 
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the erosion impact used. The alternative used in this study is based 
on soil survey yields by erosion phase. The estimated impacts by soil 
and crop are in Table 4.1. The Atterberry soil is in erosin phase 1, 
the rest of the soils are in erosion phase 2. Eroding to the next erosion 
phase means that the Atterberry soil will be in phase 2 and the rest of 
the soils in phase 3. 
Table 4.1. Erosion impacts based on soil survey data 
Soil Atterberry Downs Fayette Dubuque 
Crop ... percent of yield per ton of soil eroded ... 
Corn -.0130718 -.0190476 -.0203742 -.0370370 
Soybeans -.0130718 -.0212766 -.0227272 -.0476190 
Oats -.0144928 -.0198412 -.0210970 -.0350878 
Alfalfa -.0109290 -.0225988 . -.0181818 -.0370370 
The impacts for corn and soybeans on the Dubuque soil are based on 
extrapolated yields from the soil survey data, not actual reported yields. 
The erosion impacts in Table 4.1 are larger than those estimated by the 
EPIC model and reported in Table 3.1. The model can be altered to include 
the erosion impacts in Table 4.1 and the model rerun. It is anticipated 
that the production practices that favor conserving soil will be used when 
this model is run. Because of the large difference in erosion impacts be­
tween the EPIC estimates and the data in Table 4.1, alternative runs with 
impacts that are half and that are a quarter of those in Table 4.1 will be 
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run in addition to the actual values to further test the sensitivity of 
the erosion impacts. 
The case of no erosion impacts on production should also be analyzed 
to determine the appropriateness of modelling in a dynamic framework. 
A model without erosion impacts should select the production process 
that maximizes the return in the individual periods, without regard to 
past or future soil erosion. The time horizon will be the same as the 
base model, though a one-period model would be sufficient. 
Discount rate 
The extent to which an individual discounts the future is important 
in an analysis of this type. The appropriate discount rate for an indi­
vidual is individual specific. The discount rate will, therefore, be 
altered to determine the impact of the discount rate on the solution. 
The general direction of the impact is known, a lower rate will put a 
greater emphasis on the future and hence less soil will be eroded. The 
magnitude of the impact is the interesting aspect of the discount rate 
change. A solution with no discounting will be run for comparison pur­
poses. 
Sediment tax 
A tax on sediment should result in less sediment from the production 
process. An issue that will not be covered is the appropriateness of 
a tax versus a subsidy not to produce sediment. Both should give the 
same result if designed appropriately. The direction of the tax impact 
is known but the magnitude of the tax required to alter the solution 
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is of interest. The rotation, tillage practice, and terracing of the 
fields are all components of the production practice that could change 
with a tax. Sediment tax rates of one, three, and five dollars per ton 
are used in the analysis. 
Output prices, absolute and relative 
Output prices have a major effect on the crops grown and the tillage 
practice. An increase in the absolute price of the outputs will effect 
the decision to conserve soil in opposing ways. The higher prices will 
encourage the resource to be used early because of higher present re­
turns. Opposing this is that with higher output prices the resource 
will be higher valued in the future, which will encourage conserving 
the resource. The net effect is uncertain. The model can be used to 
empirically determine the net effect. The relative prices of output, 
especially that of row crops and hay, are important in determining the 
output produced and the soil eroded. An increase in the price of hay 
relative to row crop prices will result in hay production being more 
profitable and if it is grown, soil erosion will be less. The absolute 
prices of crops will be increased by fifty percent to determine produc­
tion and erosion changes. The price of hay will be increased by fifty 
percent in a second run to determine the relative price change impact. 
The price of corn relative to soybeans will be increased for a third 
price run. The relative price of corn to soybeans over the period 1965 
to 1982 ranged from a low of .315 to a high of .515, and averaged .412. 
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The ratio in this model is .441. A ratio of .465 will be used in the 
run to determine the impact of a higher corn price relative to soybeans. 
Technology yield growth 
Increases in crop yields from technological advances might mask 
the productivity decline from soil erosion because yields still continue 
to increase, or at least they remain constant. The cost of soil erosion 
with technological yield increases can actually be larger because with 
the larger noneroded yield base, the actual yield decline is larger 
(Taylor and Young, 1985). Recall that the yield impact is based on a 
percentage of the noneroded yield. A run without technological yield 
increases will be run to determine the impact technology has on the pro­
duction decision. 
Field and soil modelling 
The model constructed in this analysis is based on fields. Farmers 
generally farm fields, not soils. The field analysis though is likely 
to mask many of the differences in soils within the field. An interest­
ing issue is whether fields should be split into smaller fields to have 
a more homogeneous soil mix in the fields. A second issue concerns model 
ling soils for policy analysis when producers do not farm by soils. 
Conservation program analysis based on soils could produce inaccurate 
producer response information to the policy program. An analysis by 
soil is done with this model to determine whether the field versus soil 
issue is worth pursuing in the modelling of soil erosion. The analysis 
will not address the splitting of fields. 
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Farm debt 
The adoption of minimum tillage practices will require the purchase 
of different machines. The financial situation of the farm may not be 
able to support the additional debt and cash outlay required to change 
the tillage equipment. The farm might not conserve soil in order to 
produce enough income in the present time period to survive (Smith, 
1986). The future additional income from conserving soil is irrelevant 
if the farm is unable to survive. Long-term initial debt will be in­
creased to constrain the cash availability and borrowing capacity of 
the farm to determine the impact of the debt structure on the production 
decision. Integer machine purchases will be used in the analysis. 
Penalty function 
The penalty function is in the model to take account of the time 
after the time periods within the model. The absence of the penalty 
will result in less soil conserved near the end of the time horizon. 
A higher penalty function should result in more soil conserved near the 
end of the time horizon» The magnitude is unknown, as is the impact 
on the earlier periods in the model. The penalty function will be al­
tered to determine its effect on the model solution. 
Initial machinery complement 
The farm is allocated a complement of conventional tillage machines 
at the beginning of the time period. The machines and the remaining 
hours on the machines are a moldboard plow (800), a field cultivator 
(600), a conventional planter (100), a row cultivator (150), a chisel 
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plow (300), a tandem disk (1000), and a conventional grain drill (60). 
The initial allocation of machines can impact on the tillage decision 
of the producer. A solution will be run in which the farm is required 
to purchase a complement of minimum tillage machines in the first year 
to determine the impact of the initial allocation. A second machine 
alternative is run in which there is no initial allocation of tillage 
machines. This model run will require machines to be purchased in the 
first year, regardless of the tillage practice used. A third tillage 
alternative will allocate minimum tillage machines to the initial ma­
chinery complement. The machines and hours remaining on each machine 
are a min-till planter (100), a rolling cultivator (200), a shredder 
(700), and a min-till drill (60). 
Personal consumption and land rent 
The model does not include land costs. The returns from production 
are to land, labor, capital, and management. The introduction of land 
costs into the model could effect the optimal production plan of the 
farm. Land in the area rents for approximately 90 dollars per acre on 
the average, but will vary by field depending on the land quality in 
the field. The model will be run with land rent at 90 dollars per acre 
for each of the fields. Personal consumption is fifteen thousand dollars 
and the model would be infeasible with both the land rent and personal 
consumption. Personal consumption is, therefore, removed from this model 
to allow for model feasibility. 
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Results 
The results of the base run Indicate that the tillage practice, 
and hence the level of soil erosion, depends on the field. Conventional 
tillage techniques are used on fields where the impacts from soil ero­
sion, and the erosion itself, are small. The benefits from conserving 
the soil are less than the additional costs of using minimum tillage 
practices. Fields with high erosion and a higher yield impact used mini­
mum tillage techniques to reduce soil erosion. The crop rotation is 
the same across all soils for the noneroded component of the field. 
The future benefits of conserving the soil exceeds the higher present 
costs of minimum tillage. A corn - soybean rotation is the optimum rota­
tion on these fields. The eroded rotation in the solution tends to use 
a less erosive rotation and tillage practice. 
The existence of the noneroded and eroded rotations does not mean 
that only a portion of the field is eroded and the remainder noneroded. 
It means that the entire field has eroded by the proportion in the eroded 
rotation. For example, if 15 percent of the field is in the eroded rota­
tion, then 15 percent of the soil thickness defined for the field has 
eroded. The erosion for the field is an average of the eroded and non-
eroded rotations in the model. The average is possible because of the 
linear erosion Impacts used in the model.' The rotation length can be 
considered to include years with the noneroded and years with the eroded 
rotations. The noneroded and eroded difference can also be viewed as 
the direction of rotation use as the soil is eroded. That is, as soil 
is eroded the producer will move toward using rotations lower In erosion 
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and containing more hay. Topsoil becomes higher valued as there is less 
of it and as a result it becomes profitable to conserve soil. 
A summary of the results from the base run are in Table 4.2. The 
rotations by field are as indicated above. There is no terracing so 
field 5 does not exist as a terraced field. The noneroded and eroded 
rotations are often the same by field, notably fields 1 and 2 where the 
erosion impact is small. The rotation specification includes the crop 
rotation and the tillage practice. For example, the rotation specifica­
tion for the noneroded rotation for field 1 in year 1 is C-B(C). This 
refers to a corn - soybean rotation using conventional tillage. The 
C-B(M) rotation in field 4 is a corn - soybean rotation using minimum 
tillage. All of the noneroded rotations are corn - soybean in the base 
solution. The tillage practice is minimum tillage on fields 3 and 4 
and during years 11 through 50 in field 1. The eroded rotations for 
fields 1 and 2 are basically the same as for the noneroded rotations. 
Fields 3 and 4 use some corn - oats - hay rotations with conventional 
tillage. 
The quantity of soil erosion over time is fairly constant for fields 
2, 3, and 4. Field 1 does exhibit a switch to minimum tillage and then 
back to conventional tillage. The switch to minimum tillage could indi­
cate the remaining soil is becoming more valuable and should be saved. 
The switch back to conventional tillage is an indication that the pen­
alty function value could be too low and that soil erosion near the end 
of the time horizon is not being adequately penalized. The eroded rota­
tions for fields 3 and 4 are different from the noneroded rotations. 
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The rotations are lower in soil erosion. This could be an indication 
that in addition to relative yield differences due to different soil 
erosion impacts, soil is worth more to save on the eroded field. The 
switch back to corn - soybeans near the end of the time horizon is in 
part due to the higher yield growth for soybeans and corn than for hay 
and oats. 
The percent of the field in the eroded category after 100 years is 
also reported in the table. For example, after 100 years of crop produc­
tion in field 4, 21.4 percent of the soil thickness has been eroded. The 
soil loss per acre and the sediment are also reported. The average ero­
sion for an individual year requires dividing the reported value by 100. 
The shadow price of soil in the first year of the model is reported 
in the table. The value of the shadow price is primarily dependent on 
the impact of erosion on productivity. Field 2 has the lowest erosion 
impacts, field 4 the highest erosion impacts and this is reflected in 
their shadow values. An additional ton of soil per acre on field 2 in 
year 1 would contribute 12.3 cents to the objective function. An addi­
tional ton of soil per acre on field 1 in year 1 would contribute 22.5 
cents to the objective function. Similarly, for field 3 it is 24.8 cents 
and 51.2 cents for field 4. 
The objective function value is the discounted returns to land, 
labor, and management for 100 years. The objective function value will 
be used primarily for comparison purposes with alternative model runs. 
The shadow price of cash is reported because it is important in cases 
when financing is constraining. The shadow price indicates that the 
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Table 4.2. Summary of the base solution results 
Field number 1 2 3 4 5 
Noneroded rotation 
year 1 C-B(C) C-B(C) C-B(M) C-B(M) 
2 C-B(C) C-B(C) C-B(M) C-B(M) 
3 C-B(C) C-B(C) C-B(M) C-B(M) 
4 C-B(C) C-B(C) C-B(M) C-B(M) 
5 C-B(C) C-B(C) C-B(M) C-B(M) 
10 C-B(C) C-B(C) C-B(M) C-B(M) 
20 C-B(M) C-B(C) C-B(M) C-B(M) 
30 C-B(M) C-B(C) C-B(M) C-B(M) 
50 C-B(M) C-B(C) C-B(M) C-B(M) 
100 C-B(C) C-B(C) C-B(M) C-B(M) 
Eroded rotation 
year 2 C-B(C) C-O-H(C) C-O-H(C) C-O-H(C) -
3 C-B(C) C-B(C) C-O-H(C) C-O-H(C) -
4 C-B(C) C-B(C) C-O-H(C) C-O-H(C) 
5 C-B(C) C-B(C) C-O-H(C) C-O-H(C) -
10 C-B(C) C-B(C) C-B(M) C-O-H(C) -
20 C-B(M) C-B(C) C-O-H(C) C-O-H(C) 
30 C-B(M) C-B(C) C-B(M) C-B(M) 
50 C-B(M) C-B(C) C-B(M) C-B(M) 
100 C-B(C) C-B(C) C-B(M) C-O-H(C) 
Percent of field in the 
eroded rotation, year 100 10.7 17.4 10.8 21.4 
Soil loss, total (t/ac) 841 1570 1037 1799 
Sediment» total (t/ac) 297 707 726 1710 
Soil shadow price year 1 
($/ton) .225 .123 .248 .512 
Objective function value. model 3,273,488 
Shadow price of cash, year 1 .709 
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objective function value would increase by 70.9 cents for each additional 
dollar of cash available in year 1. This value reflects the earning 
ability of cash over the 100 year time horizon in the model. Cash is 
not constraining in the base solution. A run with the base model was 
made with 30 thousand dollars of initial cash and the only change in 
the solution was to the objective function value and the period transfers 
of cash. 
The corn - soybean rotation in the solution is somewhat surprising 
since few soybeans are grown in extreme Northeastern Iowa. A likely 
explanation for the predominance of soybeans in the solution, when few 
are grown in the area, is the low commodity prices. The production cost 
of soybeans is less than corn. Soybeans produce less output though than 
corn. A low price situation would favor soybean production, while a 
high price situation would favor corn. The model solution with higher 
commodity prices confirms the impact of commodity prices on the rotation 
selection. 
The dynamic nature of the model could result in a misleading shadow 
price interpretation for some resources. As a result, they are not re­
ported in the tables. The shadow price of land is the primary example. 
The shadow price on field 1 land in year 1 is 184.72 dollars per acre. 
An additional acre of field 1 land would increase the objective function 
value by this amount, but the land is incapable of supporting a land 
cost this high. The shadow price of land includes two components. The 
first is the return to the land in the first period, 108.07 dollars in 
this case. The second component is the return to the income generated 
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in year 1 over the next 99 years, 76.65 dollars in this case. The shadow 
price of land is not of primary importance in this analysis and because 
of the potential to misinterpret the value it is not reported. 
The solution indicates that the optimal use of the soil resource 
over time is excessive for some fields if conventional tillage practices 
are followed. The soil resource should be used at a lower rate on ero­
sive fields with high productivity impacts to insure an adequate supply 
of the resource for future production. Fields 3 and 4, and to a lesser 
extent field 1, should use some conservation practices such as minimum 
tillage to reduce the rate of soil use. The use of conventional tillage 
throughout the time horizon on field 2 indicates that even with conven­
tional tillage, soil is not being used at an excessive rate. Terracing 
is not an economically justifiable practice to conserve soil, given the 
assumptions of the base model. Terracing would over conserve the soil 
resource. 
The financial component of the model appears to have little impact 
on the solution. Cash is not constraining the results of the model. 
The effect of the income tax component on the outcome is difficult to 
determine. The most that can be said is that the only impact appears 
to be on the objective function value through reduce income. There 
appears to be little effect on rotations or the financial constraints. 
Machine purchases in the first five years of the model are made 
integer to determine the impact of having to purchase whole machines. 
Minimum tillage machines are bought in the first year of the integer 
solution. The integer solution did change the production practice on 
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field 1 to minimum tillage, compared with conventional tillage in the 
noninteger solution.. The tillage practice on fields 3 and 4 remains 
minimum tillage. Conventional tillage is still practiced on field 2. 
The presence of conventional tillage machines in inventory allows 
conventional tillage on field 2, without having to purchase additional 
conventional tillage machines. Without conventional tillage machines 
in inventory, minimum tillage will be practiced on field 2. The crop 
rotations are the same as reported in Table 4.2. 
The tillage practice on field 2 will switch to minimum tillage, if 
machine purchases are integer across the entire time horizon. An integer 
run with all machine purchases integer resulted in minimum tillage 
machines purchased until the period in the model which includes years 51 
through 100. Minimum tillage is practiced on all fields for most of 
the time horizon. Field 2 is minimum tilled after the conventional 
machines in inventory are depleted. Minimum and conventional tillage 
are practiced in the last period, where both types of machines are 
purchased. The last period contains 50 years and several machines of 
the same type must be purchased in this period. Integer purchases in 
this time period had little effect on the solution. The tillage practice 
on fields 1 and 2 is conventional tillage, as in the base run. The 
rotations are the same as in Table 4.2. 
Owning two lines of machines to practice both conventional and 
minimum tillage is more costly than tilling all fields with the same 
practice, even though the optimum practices on the individual fields 
are not the same. The integer solution reflects machinery replacement 
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costs more accurately than the noninteger solution. The integer solution 
does give an objective function value that is 10,102 dollars lower than 
the base. The soil shadow values are the same as in the base. 
Erosion impacts 
The model is used to evaluate four alternative erosion impacts. 
The impacts include those reported in Table 4.1, half of the impacts 
in Table 4.1, a quarter of the impacts reported in Table 4.1, and no 
erosion impacts. The summary results are in Tables 4.3 through 4.6. 
A comparison of the results from the full erosion impacts with the 
base results Indicates that rotations are grown and tillage practices 
used that result in less soil erosion. The noneroded rotations for field 
1 switches to minimum tillage. The field erodes down to the next erosion 
phase in year 40. As a result, there are no. rotations listed for the 
period year 51 to year 100. The rotation in fields 2, 3, and 4 switches 
to oats - hay for the first 10 years in fields 2 and 3 and the first 
50 years in field 4. As with field 1, there are no rotations listed 
for years 51 through 100 because the soil has eroded down to the next 
erosion phase. Field 3 is terraced in year 6, producing field 5. The 
terraced field uses a corn - soybean rotation until the soil in the ero­
sion phase is depleted. The quantity of soil erosion is less than in 
the base. The switch to less erosive rotations, terracing, and minimum 
tillage all contribute toward the reduction in soil erosion. Table 4.3 
reports the year in which the erosion phase switches to the next erosion 
phase and production will no longer occur in the noneroded rotations. 
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The shadow price on soil is much higher for the alternative run, ranging 
from .320 for field 5, the terraced field, to 10.594 for field 2. The 
value of soil in this alternative run is much higher compared with the 
base because the erosion impacts are much higher. The erosion impacts 
have the major impact on soil value. The difference between the EPIC 
and the soil survey impacts is an issue that is important in evaluating 
soil erosion and conservation. Policy analysis and farm studies, such 
as this study, require an accurate estimate of the impact from soil 
erosion. Given the differences in these two estimates and the effect 
they have on the solution there still appears to be ample work left in 
the estimation of productivity effects from soil erosion. Finally, the 
soil in field 1 eroded from the initial phase to the next phase in approx­
imately 40 years. Fields 2, 3, and 4 took approximately 50 years to 
eroded from their initial phase to the next phase. 
The results for the one-half and one-quarter soil survey impacts are 
in Tables 4.4 and 4.5 and are very similar to the results in Table 4.3. 
The differences are that field 3 Is terraced one period later, in year 
11, and conventional tillage is used in field 1 for the one-quarter im­
pacts, resulting in higher soil erosion. The shadow prices are lower 
for the lower impacts. The shadow price for field 1 is .312 dollars 
for the one-quarter impact, .446 dollars for the one-half impact, and 
1.964 dollars for the full impact. A similar situation exists for fields 
2 through 5. A final difference across impacts is the objective function 
value. It is larger when the erosion impact is small. This is as antici­
pated because the penalty function in year 100 will be less. A 
100 
Table 4.3. Summary of the solution results using soil survey 
yield impacts 
Field number 1 2 3 4 5 
Noneroded rotation 
year 1 C-B(M) O-H(M) O-H(M) O-H(M) -
2 C-B(M) O-H(M) O-H(M) O-H(M) -
3 C-B(M) O-H(M) O-H(M) O-H(M) -
4 C-B(M) O-H(M) O-H(M) O-H(M) -
5 C-B(M) O-H(M) O-H(M) 0-H{M) — 
10 C-B(M) O-H(M) O-H(M) O-H(M) C-B(M) 
20 C-B(M) C-B(M) C-B(M) O-H(M) C-B(M) 
30 C-B(M) C-B(M) C-B(M) O-H(M) C-B(M) 
50 C-B(M) C-B(M) C-B(M) 0-H{M) C-B(M) 
100 - - - - -
Eroded rotation 
year 2 C-B(M) O-H(M) O-H(M) O-H(M) -
3 C-B(M) O-H(M) O-H(M) O-H(M) -
4 C-B(M) O-H(M) O-H(M) O-H(M) -
5 C-B(M) O-H(M) O-H(M) O-H(M) -
10 C-B(M) O-H(M) O-H(M) O-H(M) — 
20 C-B(M) O-H(M) O-H(M) O-H(M) C-B(M) 
30 C-B(M) C-B(M) C-B(M) O-H(M) C-B(M) 
50 C-B(M) C-B(M) C-B(M) O-H(M) C-B(M) 
100 C-B(M) C-B(M) C-B{M) O-H(M) C-B(M) 
Year in which entire field 
in higher erosion phase 40 50 50 50 
Soil loss, total (t/ac) 478 643 646 527 _a 
Sediment, total (t/ac) 169 290 453 501 _a 
Soil shadow price year 1 
($/ton) 1.964 10.594 4.274 2.150 .320 
Objective function value. model 2,783,445 
Shadow price of cash, year 1 .709 
^Combined with field 3. 
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Table 4.4. Summary of the solution results using one-half the 
soil survey yield impacts 
Field number 
Noneroded rotation 
year 1 
2 
20 
30 
50 
100 
Eroded rotation 
year 2 
3 
4 
5 
10 
20 
30 
50 
100 
C-B(M) 
C-B(M) 
C-B(M) 
C-B(M) 
C-B(M) 
C-B(M) 
C-B(M) 
C-B(M) 
C-B(M) 
C-B(M) 
C-B(M) 
C-B(M) 
C-B(M) 
C-B(M) 
O-H(M) 
O-H(M) 
C-B(M) 
C-B(M) 
C-B(M) 
O-H(M) 
O-H(M) 
O-H(M) 
O-H(M) 
O-H(M) 
O-H(M) 
C-B(M) 
C-B(M) 
C-B(M) 
O-H(M) 
O-H(M) 
C-B(M) 
C-B(M) 
C-B(M) 
O-H(M) 
O-H(M) 
O-H(M) 
O-H(M) 
O-H(M) 
O-H(M) 
C-B(M) 
C-B(M) 
C-B(M) 
O-H(M) 
O-H(M) 
O-H(M) 
O-H(M) 
O-H(M) 
O-H(M) 
O-H(M) 
O-H(M) 
O-H(M) 
O-H(M) 
O-H(M) 
O-H(M) 
O-H(M) 
C-B(M) 
C-B(M) 
C-B(M) 
C-B(M) 
C-B(M) 
C-B(M) 
C-B(M) 
Year in which entire field 
in higher erosion phase 
Soil loss, total (t/ac) 
Sediment, total (t/ac) 
Soil shadow price year 1 
{$/ton) 
40 50 50 50 -a 
478 643 677 1216 -a 
169 289 474 1156 -a 
.446 
Objective function value, model 
Shadow price of cash, year 1 
9.322 
3,011,801 
.709 
4.209 1.904 3.137 
^Combined with field 3. 
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Table 4.4. Summary of the solution results using one-half the 
soil survey yield Impacts 
Field number 1 2 3 4 5 
Noneroded rotation 
year 1 C-B(M) O-H(M) O-H(M) O-H(M) -
2 C-B(M) O-H(M) O-H(M) O-H(M) — 
20 C-B(M) C-B(M) C-B(M) O-H(M) C-B(M) 
30 C-B(M) C-B(M) C-B(M) O-H(M) C-B(M) 
50 C-B(M) C-B(M) C-B(M) O-H(M) C-B(M) 
100 - - - - -
Eroded rotation 
year 2 C-B(M) O-H(M) O-H(M) O-H(M) -
3 C-B(M) O-H(M) O-H(M) O-H(M) -
4 C-B(M) O-H(M) O-H(M) O-H(M) -
5 C-B(M) O-H(M) O-H(M) O-H(M) -
10 C-B(M) O-H(M) O-H(M) O-H(M) -
20 C-B(M) O-H(M) O-H(M) O-H(M) — 
30 C-B(M) C-B(M) C-B(M) O-H(M) C-B(M) 
50 C-B(M) C-B(M) C-B(M) O-H(M) C-B(M) 
100 C-B(M) C-B(M) C-B(M) C-B(M) C-B(M) 
Year in which entire field 
in higher erosion phase 40 50 50 50 -a 
Soil loss, total (t/ac) 478 643 677 1216 _a 
Sediment, total (t/ac) 169 289 474 1156 _a 
Soil shadow price year 1 
($/ton) .446 9.322 4.209 1.904 3.137 
Objective function value, model 3,011,801 
Shadow price of cash, year 1 .709 
^Combined with field 3. 
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comparison of the half and quarter impacts with the base solution 
indicates that the rotations and tillage practices are less erosive in 
these cases. The shadow price on soil is higher than in the base 
solution. The objective function value is lower than in the base 
solution. 
The case of no erosion Impacts is presented in Table 4.6. This 
case does not have an eroded component of the field because there are 
not any impacts on productivity from soil erosion. This case is run 
primarily to determine the appropriateness of modelling soil erosion 
in a dynamic framework. The rotation for all fields in all years is 
a corn - soybean rotation. It is the rotation with the highest returns 
in each period. The tillage practice is conventional tillage in all 
years and on all fields. The rotation and tillage practice are erosive, 
but given there is no cost to soil erosion the producer will plan inde­
pendent of soil erosion. The objective function value for the case of 
no impacts from soil erosion is higher than the base solution. This 
is because there is no penalty in year 100 for the cumulative erosion 
and the model is free to select less constraining production practices. 
Finally, additional soil has no value because a loss of soil does not 
impose any additional costs on the production system. The results, when 
compared with the base solution, confirm the need to model soil erosion 
in a dynamic framework. 
Table 4.6. Summary of no erosion impacts solution results 
Field number 1 2 3 4 5 
Noneroded rotation 
year 1 C-B(C) C-B(C) C-B(C) C-B(C) -
2 C-B(C) C-B(C) C-B(C) C-B(C) -
3 C-B(C) C-B(C) C-B(C) C-B(C) -
4 C-B(C) C-B(C) C-B(C) C-B(C) -
5 C-B(C) C-B(C) C-B(C) C-B(C) -
10 C-B(C) C-B(C) C-B(C) C-B(C) -
20 C-B(C) C-B(C) C-B(C) C-B C) -
30 C-B(C) C-B(C) C-B(C) C-B(C) -
50 C-B(C) C-B(C) C-B(C) C-B(C) -
100 C-B(C) C-B(C) C-B(C) C-B(C) -
Soil loss, total (t/ac) 1084 1570 2456 4536 
Sediment, total (t/ac) 383 707 1620 4314 -
Soil shadow price year 1 
($/ton) 0.00 0.00 0.00 0.00 -
Objective function value. model 3,333,094 
Shadow price of cash, year 1 .709 
Discount rate 
The absence of discounting places more emphasis on the future. 
The results of a model run without discounting are reported in Table 
4.7. This results in less soil erosion because soil has a higher cost. 
The rotations and tillage practices in the model reflect lower erosion 
than the base solution. Fields 1, 2, and 3 have corn - soybean rotations 
that are minimum tilled. Field 4 has an oat - hay rotation for the first 
30 years and then switches to a corn - soybean rotation under minimum 
tillage. The rotation switch to corn - soybeans from a hay rotation 
in some of the fields occurs because the yield growth for corn and 
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Table 4.7. Summary of solution results without discounting 
Field number 12 3 4 5 
Noneroded rotation 
year 1 C-B(M) C-B(M) C-B M) O-H(M) 
2 C-B(M) C-B(M) C-B M) O-H(M) 
3 C-B(M) C-B(M) C-B M) O-H(M) 
4 C-B(M) C-B(M) C-B M) O-H(M) 
5 C-B(M) C-B(M) C-B M) 0-H(M 
10 C-B(M) C-B(M) C-B M) O-H(M) 
20 C-B(M) C-B(M) C-B M) O-H(M) 
30 C-B(M) C-B(M) C-B M) O-H(M) 
50 C-B(M) C-B(M) C—B M) C-B(M) 
100 C-B(C) C-B(M) C-B M) C-B(M) 
Eroded rotation 
year 2 C-B(M) O-H(C) 0-H C) O-H(M) 
3 C-B(M) C-B(M) 0-H C) O-H(M) 
4 C-B(M) C-B(M) 0-H C) O-H(M) 
5 C-B(M) C-B(M) 0—H C) O-H(M) 
10 C-B(M) C-B(M) 0-H C) O-H(M) 
20 C-B(M) C-B(M) C—B M) O-H(M) 
30 C-B(M) C-B(M) C-B M) O-H(M) 
50 C-B(M) C-B(M) C-B M) O-H(M) 
100 C-B(M) C-B(M) C-B M) O-H(M) 
Percent of field in the 
eroded rotation. year 100 6.1 7.6 10.8 16.3 
Soil loss, total (t/ac) 478 685 1037 1372 
Sediment, total (t/ac) 169 308 726 1306 
Soil shadow price year 1 
($/ton) .999 .647 1.857 5.787 
Objective function value, model 13,371,710 
Shadow price of cash, year 1 1.118 
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soybeans exceeds that of hay, which makes the hay rotation relatively 
less profitable over time. A switch to minimum tillage occurs in going 
from a hay rotation to corn - soybeans because the hay rotation is lower 
eroding and the relative production costs for minimum tillage hay are 
higher than for minimum tillage corn - soybeans. The eroded rotations 
are also less erosive and have more hay in them than the base solution. 
The shadow price of soil is higher in this solution. It is one dollar 
per ton for field 1, five times that in the base, and 5.79 dollars per 
ton for field 4, 10 times that in the base. 
The solution is sensitive to the discount rate. A producer with 
a discount rate lower than 3 percent, the rate used in the base run, 
will conserve more soil than indicated in the base. A positive discount 
rate will result in less soil conserved than reported in the no discount­
ing solution. A discount rate greater than 3 percent will result in 
less soil conserved than in the base run because the discounted value 
of soil in the future will be lower. 
Sediment tax 
Three sediment tax levels are run to determine the impact on the 
production practices. The tax rate of 1 dollar per ton is reported in 
Table 4.8. A tax of 1 dollar per ton of soil sediment results in a 
switch to an oat - hay rotation in field 4, minimum tillage in field 
Ij and some minimum tillage in field 2, for the noneroded rotation. 
The eroded rotation shows a switch to minimum tillage for the corn -
soybean rotation and in fields 3 and 4 a switch to an oat - hay rotation 
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Table 4.8. Summary of a sediment tax of one dollar per ton 
solution results 
Field number 12 3 4 5 
Noneroded rotation 
year 1 C-B(M) C-B(C) C-B(M) O-H(M) 
2 C-B(M) C-B(C) C-B(M) O-H(M) 
3 C-B(M) C-B(C) C-B(M) O-H(M) 
4 C-B(M) C-B(C) C-B(M) O-H(M) 
5 C-B(M) C-B(C) C-B(M) O-H(M) 
10 C-B(M) C-B(C) C-B(M) O-H(M) 
20 C-B(M) C-B(M) C-B(M) C-B(M) 
30 C-B(M) C-B(M) C-B(M) O-H(M) 
50 C-B(M) C-B(M) C-B(M) C-B(M) 
100 C-B(C) C-B(M) C-B(M) C-B(M) 
Eroded rotation 
year 2 C-B(M) O-H(C) O-H(C) O-H(M) 
3 C-B(M) O-H(C) O-H(C) O-H(M) 
4 C-B(M) C-BCM) O-H(C) O-H(M) 
5 C-B(M) C-B(M) O-H(C) O-H(M) 
10 C-B(M) C-B(M) O-H(C) O-H(M) 
20 C-B(M) C-B(M) C-B(M) O-H(M) 
30 C-B(M) C-B(M) C-B(M) O-H(M) 
50 C-B(M) C-B(M) C-B(M) O-H(M) 
100 C-B(M) C-B(M) C-B(M) C-O-H(C) 
Percent of field in the 
eroded rotation. year 100 6.1 7.6 10.8 19.8 
Soil loss, total (t/ac) 478 685 1037 1665 
Sediment, total (t/ac) 169 308 726 1583 
Soil shadow price year 1 
($/ton) .225 .123 .246 .481 
Objective function value. model 3,101,368 
Shadow price of cash, year 1 .709 
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for the first 10 years on field 3 and 30 years on field 4. Soil erosion 
is less than in the base situation, as is sediment. The value of soil 
is the same for fields 1, 2, and 3 but is lower for field 4. The lower 
value for field 4 reflects the lower level of erosion and the lower re­
turns after the sediment tax from production on field 4. The objective 
function value is lower than in the base. 
The results for the 3 dollar per ton sediment tax are reported in 
Table 4.9. The results are very similar to those of the one dollar per 
ton tax. The differences are that the oat - hay rotation is grown in 
field 4 in an additional period for the noneroded rotations, and for 
an additional two periods in fields 2, 3, and 4 for the eroded rotations. 
The objective function value is also lower. 
The sediment tax of 5 dollars per acre is reported in Table 4.10. 
The results for fields 1, 2, and 4 are similar to the previous solution. 
The difference in this solution is in field 3. Field 3 is terraced in 
year 6. The terraced field has a corn - soybean rotation using mini­
mum tillage. The terracing is not done at the beginning of the time 
horizon primarily because of the constraint on cash and the cash required 
to terrace land. The quantity of sediment from field 3 is greatly re­
duced by the installation of the terrace. The erosion and sediment from 
the other fields is similar to those in the previous two solutions. 
The shadow price of soil is the same for field 1 and is lower for fields 
2, 3, and 4. The lower shadow price reflects the lower returns to pro­
duction after the sediment tax. The objective function value is also 
lower. 
Table 4.9. Summary of a sediment tax of three dollars per ton 
solution results 
Field number 12 3 4 5 
Noneroded rotation 
year 1 C-B(M) C-B(M) C-B(M) O-H(M) 
2 C-B(M) C-B(M) C-B(M) O-H(M) 
3 C-B(M) C-B(M) C-B(M) O-H(M) 
4 C-B(M) C-B(M) C-B(M) O-H(M) 
5 C-B(M) C-B(M) C-B(M) O-H(M) 
10 C-B(M) C-B(M) C-B(M) O-H(M) 
20 C-B(M) C-B(M) C-B(M) O-H(M) 
30 C-B(M) C-B(M) C-B(M) C-B(M) 
50 C-B(M) C-B(M) C-B(M) C-B(M) 
100 C-B(C) C-B(M) C-B(M) C-B(M) 
Eroded rotation 
year 2 C-B(M) O-H(C) O-H(C) O-H(M) 
3 C-B(M) O-H(C) O-H(C) O-H(M) 
4 C-B(M) O-H(C) O-H(C) O-H(M) 
5 C-B(M) O-H(C) O-H(C) O-H(M) 
10 C-B(M) C-B(M) O-H(C) O-H(M) 
20 C-B(M) C-B(M) C-B(M) O-H(M) 
30 C-B(M) C-B(M) C-B(M) O-H(M) 
50 C-B(M) C-B(M) C-B(M) O-H(M) 
100 C-B(M) C-B(M) C-B(M) O-H(M) 
Percent of field in the 
eroded rotation. year 100 6.1 7.6 10.8 17.8 
Soil loss, total (t/ac) 478 685 1037 1493 
Sediment, total (t/ac) 169 308 726 1421 
Soil shadow price year 1 
($/ton) .225 .122 .240 .438 
Objective function value. model 2,901,137 
Shadow price of cash, year 1 .709 
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Table 4.10. Summary of a sediment tax of five dollars per ton 
solution results 
Field number 12 3 4 5 
Noneroded rotation 
year 1 C-B(M) C-B(M) C-B(M) O-H(M) -
2 C-B(M) C-B(M) C-B(M) O-H(M) -
3 C-B(M) C-B(M) C-B(M) O-H(M) -
4 C-B(M) C-B(M) C-B(M) O-H(M) -
5 C-B(M) C-B(M) C-B(M) O-H(M) — 
10 C-B(M) C-B(M) - O-H(M) C-B(M) 
20 C-B(M) C-B(M) - O-H(M) C-B(M) 
30 C-B(M) C-B(M) - O-H(M) C-B(M) 
50 C-B(M) C-B(M) - C-B(M) C-B(M) 
100 C-B(M) C-B(M) - C-B(M) C-B(M) 
Eroded rotation 
year 2 C-B(M) O-H(C) O-H(M) O-H(C) -
3 C-B(M) O-H(C) O-H(M) O-H(M) -
4 C-B(M) O-H(C) O-H(M) O-H(M) -
5 C-B(M) O-H(C) O-H(M) O-H(M) -
10 C-B(M) C-B(M) O-H(M) O-H(M) — 
20 C-B(M) C-B(M) O-H(M) O-H(M) C-B(M) 
30 C-B(M) C-B(M) C-B(M) O-H(M) C-B(M) 
50 C-B(M) C-B(M) C-B(M) O-H(M) C-B(M) 
100 C-B(C) C-B(M) C-B(M) O-H(M) C-B(M) 
Percent of field in the 
eroded rotation, year 100 6.1 7.6 6.3 4.5 Jdt 
Soil loss, total (t/ac) 478 685 606 1372 _a 
Sediment, total (t/ac) 169 308 232 1305 
Soil shadow price year 1 
(a/ton) .225 .120 .235 .399 -
Objective function value. model 2,719,937 
Shadow price of cash, year 1 .709 
^Combined with field 3. 
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The quantity of sediment from fields can be reduced through tillage 
practices, the crops grown, and terracing. The least expensive reduction 
in sediment is by changing tillage practices to minimum tillage and grow­
ing rotations that contain close grown crops rather than row crops. The 
one dollar tax rate reduced total sediment by a farm average of 154 tons 
per acre over the 100 year time horizon. The cost of this reduction in 
terms of the objective function value is 1118 per ton. The 5 dollar tax 
rate reduced sediment by a farm average of 424 tons per acre over the 
time horizon. The objective function value is reduced 1306 per ton. The 
greater the amount of sediment reduction, the higher is the cost as re­
flected in the lower objective function value. 
If society determines that sediment resulting from agricultural 
production is too high it can be reduced to lower levels. The per unit 
cost of reduction is higher the greater the reduction desired. This 
result is in agreement with the literature on pollution abatement. Costs 
of abatement tend to increase at an increasing rate so the initial re­
duction has the lowest cost. The issue of who bears the cost is not 
addressed in this study. The study does give a measure of the size of 
the costs. 
Output prices, absolute and relative 
The effect of the commodity price level on the crops produced and 
the tillage practice is tested by increasing the commodity prices 50 
percent. The results in Table 4.11 indicate that continuous corn will 
be produced on fields l, 2, and 3. Corn produces more output than 
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Table 4.11. Summary of the solution results with commodity prices 
Increased by fifty percent 
Field number 1 2 3 4 5 
Noneroded rotation 
year 1 C(C) C{C) C(C) C-B(M) 
2 C(C) C(C) C(C) C-B(M) 
3 C(C) C(C) C{C) C-B(M) 
4 C(C) C(C) C(C) C-B(M) 
5 C(C) C(C) C(C) C-B(M) 
10 c<c) C(C) C-B(M) C-B(M) 
20 C(C) C(C) C-B(M) C-B(M) 
30 C(C) C(C) C-B(M) C-B(M) 
50 C-B(M) C-B(M) C-B(M) C-B(M) 
100 C-B(M) C-B(M) C-B(M) C-B(M) 
Eroded rotation 
year 2 C(C) C(C) C(C) C(M) 
3 C(C) C(C) C{C) C(M) 
4 C(C) C(C) C(C) C(M) 
5 C(C) C(C) C(C) C(M) 
10 C(C) C(C) C(C) C(M) 
20 C(C) C(C) C(M) C(M) 
30 C(C) C(C) C(M) C(M) 
50 C(C) C(C) C(M) C(M) 
100 C-B(C) C-B(C) C-B(M) C-B(M) 
Percent of field in the 
eroded rotation. year 100 11.7 15.0 11.4 21.7 
Soil lossî total (t/ac) 925 1349 1095 1828 
Sediment, total (t/ac) 327 607 767 1739 
Soil shadow price year 1 
($/ton) .255 .136 .285 .742 
Objective function value, model 
Shadow price of cash, year 1 
6,794,702 
.709 
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soybeans but is more expensive to grow. Therefore, continuous corn rota­
tions will be preferred to corn - soybean rotations as commodity prices 
increase. The presence of little soybean production in Northeast Iowa 
could be an indication that producers have been planning based on higher 
prices than used in the base model of this analysis. The corn - soybean 
rotation does come into the solution for fields 1, 2, and 3 later in 
the time horizon. The technological growth in soybean yields is .2 per­
cent per year higher than corn, which will increase the relative profit­
ability of soybeans over time. Field 4 produces a corn - soybean rota­
tion in the noneroded field. The corn to soybean yield ratio for this 
field is lower than the other fields, which will explain the rotation 
difference. The yield impact from erosion on corn is less than for soy­
beans in field 4, explaining the switch to a corn rotation on the eroded 
field. 
Soil erosion is higher on fields 1, 3, and 4 with the higher com­
modity prices. The rotation and tillage switch that occurred from the 
base run would tend to indicate that higher commodity prices are con­
ducive to higher soil erosion. The difference in erosion is not large 
and with soil erosion actually dropping in field 2 it is difficult to 
make a general statement about the impact of commodity prices on soil 
erosion. 
The price of hay relative to grain crops is increased in a second 
price run and the results are reported in Table 4.12. Grain crop prices 
are kept constant and the price of hay is increased 50 percent. The 
change in relative prices had a major impact on the solution. The 
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Table 4.12. Summary of the solution results with output price 
of hay increased by fifty percent 
Field number 1 2 3 4 5 
Noneroded rotation 
year 1 O-H(C) O-H(C) O-H(C) O-H(C) 
2 O-H(C) O-H(C) O-H(C) O-H(C) 
3 O-H(C) O-H(C) O-H(C) O-H(C) -
4 O-H(C) O-H(C) O-H(C) O-H(C) 
5 O-H(C) O-H(C) O-H(C) O-H(C) 
10 O-H(C) O-H(C) O-H(C) O-H(C) -
20 O-H(C) O-H(C) O-H(C) O-H(C) -
30 O-H(C) O-H(C) O-H(C) O-H(C) 
50 O-H(C) O-H(C) O-H(C) O-H(C) 
100 C-B(C) O-H(C) C-B(M) C-B(M) 
Eroded rotation 
year 2 O-H(C) O-H(C) O-H(C) O-H(C) 
3 O-H(C) O-H(C) O-H(C) O-H(C) 
4 O-H(C) O-H(C) O-H(C) O-H(C) 
5 O-H(C) O-H(C) O-H(C) O-H(C) 
10 O-H(C) O-H(C) O-H(C) O-H(C) 
20 O-H(C) O-H(C) O-H(C) O-H(C) 
30 O-H(C) O-H(C) O-H(C) O-H(C) 
50 O-H(C) O-H(C) O-H(C) O-H(C) 
100 O-H(C) O-H(C) O-H(C) O-H(C) 
Percent of field in the 
eroded rotation. year 100 9.1 5.0 8.2 15.1 
Soil loss, total (t/ac) 718 450 780 1274 
Sediment, total (tAc) 254 203 546 1211 
Soil shadow price year 1 
($/ton) .055 .004 .120 .509 
Objective function value, model 4,243,377 
Shadow price of cash, year 1 .709 
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rotation grown is predominantly the oat - hay rotation, in the non-
eroded and the eroded components of the field. The solution switches 
to a corn - soybean rotation in the last time period in fields 1, 3, 
and 4. The yield growth for corn and soybeans is higher than for hay 
and oats, which increases the relative profitability of the corn - soybean 
rotation over time. Field 2 does not switch to corn - soybeans because 
the initial yield of hay to corn and soybeans is higher than the other 
fields, and the yield growth does not change the relative profitablity 
over the time horizon in the model. Soil erosion is lower in all fields 
because hay production has low soil loss values. The shadow price on 
soil in the fields is smaller than in the base. 
A third price situation involved increasing the price of corn rela­
tive to the price of soybeans. The results reported in Table 4.13 indi­
cate that there was very little impact on the rotations and tillage prac­
tices. The noneroded rotations are the same as in the base. The eroded 
rotations for field 3 switch to continuous corn for the first 50 years, 
then return to the same corn - soybean rotation that is in the base. 
The shadow prices of soil in the fields are similar. The objective 
function value is higher because of the higher corn price. At low com­
modity prices, the highest realistic corn to soybean price ratio will 
not result in continuous corn rotations. 
Technology yield growth 
The situation of no technological yield increase is analyzed to 
determine if yield growth over time will have any impact on the 
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Table 4.13. Summary of solution results with the price of corn 
increased relative to the price of soybeans 
Field number 12 3 4 5 
Noneroded rotation 
year 1 C-B(C) C-B(C) C-B(M) C-B(M) 
2 C-B(C) C-B(C) C-B(M) C-B(M) 
3 C-B(C) C-B(C) C-B(M) C-B{M) 
4 C-B(C) C-B(C) C-B(M) C-B(M) 
5 C-B(C) C-B(C) C-B(M) C-B(M) 
10 C-B(C) C-B(C) C-B(M) C-B(M) 
20 C-B(M) C-B(C) C-B(M) C-B(M) 
30 C-B(M) C-B(C) C-B(M) C-B(M) 
50 C-B(M) C-B(C) C-B(M) C-B(M) 
100 C-B(C) C-B(C) C-B(M) C-B(M) 
Eroded rotation 
year 2 C-B(C) C-B(C) C{C) C-O-H(C) 
3 C-B(C) C-B(C) C{C) C-O-H(C) 
4 C-B(C) C-B(C) C{C) C-O-H(C) 
5 C-B(C) C-B(C) C(C) C-O-H(C) 
10 C-B(C) C-B(C) C(C) C-O-H(C) 
20 C-B(M) C-B(C) C(C) C-O-H(C) 
30 C-B(M) C-B(C) C(C) C-B(M) 
50 C-B(M) C-B(C) C-B(M) C-B(M) 
100 C-B(C) C-B(C) C-B(M) C-O-H(C) 
Percent of field in the 
eroded rotation. year 100 10.7 17.4 10.8 21.4 
Soil loss, total (t/ac) 841 1570 1040 1797 
Sediment, total (tÂc) 297 707 729 1709 
Soil shadow price year 1 
($/ton) .226 .124 .249 .534 
Objective function value, model 3,487,167 
Shadow price of cash, year 1 .709 
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production and tillage practices. The yields increase with technology 
at the rates of 1.4, 1.6, .9, and .9 percent per year for corn, soybeans, 
oats, and hay, respectively. The results indicate that soil erosion 
will be higher when yields are static over time. Rotation differences 
in the the solution are in fields 1 and 3 where less minimum tillage 
is used over the time horizon. Total soil eroded is higher for fields 
1 and 3, because of conventional tillage use rather than minimum tillage. 
A corn - oat - hay rotation is used throughout the eroded rotations for 
fields 2, 3, and 4. Soil erosion will be lower in these fields when 
compared with the base. This is why soil erosion is a bit less on fields 
2 and 4 when compared with the base. The results confirm that 
conservation of soil will be higher when yield increases are taken into 
account. The shadow price on soil declines by approximately half when 
compared with the base. The lower shadow price results because returns 
in the future are less due to no technological yield increases. Finally, 
the objective function value is less for the same reason. 
A solution with no technology yield increases and a discount rate 
of zero is run to remove the effect of the discount rate. The results 
are reported in Table 4.15. A comparison with the no discounting solu­
tion in Table 4.7 does not give a clear indication of the impact of tech­
nology on soil erosion. Field 4 in this solution has less soil erosion 
than reported in Table 4.7. This occurs because the oat - hay rotation 
remains throughout the time horizon. In the case with technology, the 
corn and soybean yield growth resulted in a switch to a corn - soybean 
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Table 4,14. Summary of the solution results with no technology 
Field Number 12 3 4 5 
Noneroded rotation 
year 1 C-B C) C-B(C) C-B(M) C-B(M) 
2 C-B C) C-B(C) C-B(M) C-B(M) 
3 C-B C)  C-B(C) C-B(M) C-B(M) 
4 C-B C) C-B(C) C-B(M) C-B(M) 
5 C-B C) C-B(C) C-B(M) C-B(M) 
10 C-B C) C-B(C) C-B(M) C-B(M) 
20 C-B C) C-B(C) C-B(M) C-B(M) 
30 C-B c )  C-B(C) C-B(M) C-B(M) 
50 C-B C) C-B(C) C-B(C) C-B(M) 
100 C-B c )  C-B(C) C-B(C) C-B(M) 
Eroded rotation 
year 2 C-B C) C-O-H(C) C-O-H(C) C-O-H(C) 
3 C-B c )  C-O-H(C) C-O-H(C) C-O-H(C) 
4 C-B C) C-O-H(C) C-O-H(C) C-O-H(C) 
5 C-B c )  C-O-H(C) C-O-H(C) C-O-H(C) 
10 C-B C) C-O-H(C) C-O-H(C) C-O-H(C) 
20 C-B C) C-O-H(C) C-O-H(C) C-O-H(C) 
30 C-B C) C-O-H(C) C-O-H(C) C-O-H(C) 
50 C-B C) C-O-H(C) C-O-H(C) C-O-H(C) 
100 C-B C) C-O-H(C) C-O-H(C) C-O-H(C) 
Percent of field in the 
eroded rotation, year 100 13.7 16.2 19.9 19.5 
Soil loss, total (t/ac) 1075 1471 1924 1637 
Sediment, total (t/ac) 380 662 1334 1546 
Soil shadow price year 1 
($/ton) .142 .076 .135 .307 
Objective function value, model 2,040,471 
Shadow price of cash, year 1 .784 
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Table 4.15. Summary of solution results without discounting and 
with no technology 
Field number 12 3 4 5 
Noneroded rotation 
year 1 C-B(M) C-B(C) C-B(M) O-H(M) 
2 C-B(M) C-B(C) C-B(M) O-H(M) 
3 C-B(M) C-B(C) C-B(M) O-H(M) 
4 C-B(M) C-B(M) C-B(M) O-H(M) 
5 C-B(M) C-B(M) C-B(M) O-H(M) 
10 C-B(M) C-B(M) C-B(M) O-H(M) 
20 C-B(M) C-B(M) C-B(M) O-H(M) 
30 C-B(M) C-B(M) C-B(M) O-H(M) 
50 C-B(C) C-B(C) C-B(M) O-H(M) 
100 C-B(C) C-B(C) C-B(M) O-H(M) 
Eroded rotation 
year 2 C-B(M) C-O-H(C) C-O-H(C) O-H(M) 
3 C-B(M) C-O-H(C) C-O-H(C) O-H(M) 
4 C-B(M) C-O-H(C) C-O-H(C) O-H(M) 
5 C-B(M) C-O-H(C) C-O-H(C) O-H(M) 
10 C-B(M) C-O-H(C) C-O-H(C) O-H(M) 
20 C-B(M) C-O-H(C) C-O-H(C) O-H(M) 
30 C-B(M) C-O-H(C) C-O-H(C) O-H(M) 
50 C-B(M) C-O-H(C) C-O-H(C) O-H(M) 
100 C-B(M) C-O-H(C) C-O-H(C) O-H(M) 
Percent of field in the 
eroded rotation. year 100 11.4 14.3 10.7 6.3 
Soil loss, total (t/ac) 895 1285 1031 527 
Sediment, total (t/ac) 316 578 722 502 
Soil shadow price year 1 
($/ton) .561 .319 .812 2.433 
Objective function value, model 
Shadow price of cash, year 1 
6,425 .835 
1.631 
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Technology increases can result in more soil erosion over the time horizon 
if the technology favors the yield growth of the erosive crop. 
Field 3 shows no difference in the noneroded fields but the eroded 
field is a corn - oat - hay rotation. The total soil erosion is nearly 
the same as in Table 4.7. Fields 1 and 2 are more erosive without tech­
nology increases. The rotations remain the same but less minimum tillage 
is done. The lower amount of minimum tillage approximately doubles the 
amount of soil erosion. When technology increases do not impact on the 
rotation through relative yield changes, soil erosion will be lower with 
the yield increases. These results are in agreement with those of the 
previous case with discounting and no technology yield increases. 
Field and soil modelling 
The model was run on a soil basis to compare field and soil model­
ling. The results for the run are reported in Table 4.16. There are 
some similarities in the two but also some stark differences. The soils 
that have similarities in erosion impacts and soil depth had similar 
results whether modelled as a field or as a soil. These Include soils 
1, 2, and 3 and fields 1, 2, and 3. The difference in the modelling 
approach occurs when the soils making up the field have vastly different 
erosion Impacts and soil depths. Field 4 is a mixture of soils 3 and 
4, which have very different characteristics. When modelled as a field, 
the optimum rotation on the noneroded component is corn - soybeans. 
When modelled as a soil, soil 3 has a corn - soybean rotation and soil 
4 has an oat - hay rotation, switching to corn - soybeans after 20 years. 
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Table 4.16. Summary of solution results for the soil model 
Soil number 
Noneroded rotation 
year 1 C-B(C) C-B(C) C-B(M) O-H(C) 
2 C-B(C) C-B(C) C-B(M) O-H(C) 
3 C-B(C) C-B(C) C-B(M) O-H(C) 
4 C-B(C) C-B(C) C-B(M) O-H(C) 
5 C-B(C) C-B(C) C-B(M) O-H(C) 
10 C-B(C) C-B(C) C-B(M) O-H(C) 
20 C-B(M) C-B(C) C-B(M) O-H(C) 
30 C-B(M) C-B(C) C-B(M) C-B(M) 
50 C-B(M) C-B(C) C-B(M) C-B(M) 
100 C-B(C) C-B(C) C-B(C) C-B(C) 
Eroded rotation 
year 2 C-B(C) C-B(C) C-O-H(C) O-H(C) 
3 C-B(C) C-B(C) C-O-H(C) O-H(C) 
4 C-B(C) C-B(C) C-O-H(C) O-H(C) 
5 C-B(C) C-B(C) C-O-H(C) O-H(C) 
10 C-B(C) C-B(C) C-B(M) O-H(C) 
20 C-B(M) C-B(C) C-B(M) C-O-H(C) 
30 C-B(M) C-B(C) C-B(M) C-O-H(C) 
50 C-B(M) C-B(C) C-B(M) C-O-H(C) 
100 C-B(C) C-B(C) C-B(C) O-H(M) 
Percent of field in the 
eroded rotation. year 100 2.3 12.5 15.3 14.4 
Soil loss, total (t/ac) 114 1000 1530 1009 
Sediment; total (t/ac) 40 450 1071 960 
Soil shadow price year 1 
($/ton) 1.515 .015 .212 .813 
Objective function value, model 3,428,481 
Shadow price of cash, year 1 .709 
The switch is the result of corn and soybean yields growing faster than 
oat and hay yields. Soil erosion and the shadow price on soil are also 
different from the base solution. 
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The field versus soil issue in modelling appears to be important 
in situations where there are significant differences between the soils. 
Modelling by soils, when producers farm by fields, could provide poor 
information on the production practices for that field. Fertilizer recom­
mendations by soil will not be appropriate for the field nor will the 
field recommendations be appropriate for the individual soils. A pro­
ducer could redeve higher returns if fields are designed to contain 
a more homogeneous mix of soils. While division of fields by soils would 
give higher gross returns, it may not be practical to define fields to 
follow soil boundaries because the soils are often intertwined. There 
could also be an additional tillage and operational cost to dividing 
fields into smaller fields. These additional costs could exceed the gains 
from farming closer to the soil boundaries. A final issue in soil and 
field modelling is in policy analysis. Policy analysis by soils could 
result in inaccurate producer response information for policies. Conser­
vation practices predicted by models can be very different from producer 
actions in cases where soils with different characteristics are farmed 
as a field. This analysis indicates that this issue is worth pursuing. 
The value of soil as reflected by the shadow price of soil will 
be very different in the soil analysis. Soil 2 has the lowest soil ero­
sion impacts and this is reflected in the low shadow price value for 
the soil. Soil 1 has less of a percentage yield impact from erosion 
than soil 4 does but has a larger absolute yield impact. The yield base 
for field 1 is much higher than for field 4. The shadow price of soil 
1 is higher than that of soil 4 because of the higher absolute yield 
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impact. The lower eroding and highly productive soils can not be regarded 
as having little or no impact from soil erosion. The per ton of soil 
eroded effect can be higher on the productive soils than it is on the 
less productive and more erosive soils. 
Farm debt 
The purchase of tillage machines requires an outlay of cash and 
incurring intermediate term debt for the remainder of the purchase price. 
The purchase of a minimum tillage machines could be constrained because 
of financial, cash, and total debt constraints. The initial long-term 
debt is increased to determine the effect of the debt situation on the 
purchase and use of minimum tillage equipment. The results from an ini­
tial long-term debt of 400,000 dollars are the same as the base solution, 
except the objective function value is lower because the debt has to 
be paid off. The shadow price on cash is higher because it is constrain­
ing the model solution. The shadow price on cash is 1.99 dollars. A 
result table will not be presented because of its similarity to the base 
solution. Debt commitments did not have an impact on the rotations be­
cause the requirement for minimum tillage machines is small in each year 
and the returns for using minimum tillage are high. The noninteger ma­
chine purchases also result in lower costs for the purchase of machines 
because an entire machine does not have to be purchased, rather just 
part of a machine is purchased. 
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Machine purchases in the first 5 years of the model are made integer 
to determine the effect of purchasing whole pieces of equipment when 
debt is constraining, rather than a portion of the machine. A debt of 
450 thousand dollars had no impact on the integer solution. Minimum 
tillage machines are purchased in the first year to replace the 
conventional tillage machines in inventory, which is the same result 
as the base case without debt. 
Debt is increased to 475 thousand dollars and machine purchases 
remain integer. Conventional tillage is used in this situation, no 
minimum tillage machines are purchased in the first 5 years. Machines 
in inventory are used, rather than replaced with minimum tillage machines. 
Some conventional tillage machines are purchased to replace the depleted 
machines in the initial inventory. The increasing debt forced a 
production practice that would not have been used in the absence of the 
debt. The conditions under which debt will make a difference in the 
production practice are narrow. Debt does not make a difference at 450 
thousand, and at 500 thousand production is infeasible? This leaves, 
at most, a range of 50 thousand dollars in which the debt level on the 
farm would impact on the production and tillage practice. 
Long-term debt of 400, 450, and 475 thousand dollars were run using 
the soil survey yield impacts listed in Table 4.1. An initial debt of 
500 thousand dollars was also tried but the solution was infeasible be­
cause it is incapable of meeting the debt payments. Note that the debt 
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level of infeasible production is lower than in the integer case using 
EPIC yield impacts. It was thought that because all fields use minimum 
tillage with the soil survey yield impacts that the initial debt situation 
would be more critical to the solution than in the base case where fields 
1 and 2 are conventional tilled. The results from the runs are very 
similar to the results without the initial long-term debt in Table 4.3. 
The financial constraint did not alter the solution, except for the 
objective function value and the shadow price on cash. The shadow price 
on cash is 2.21 dollars for the 400,000 dollar debt case, 4.81 for the 
450,000 dollar debt case, and 5.25 dollars for 460,000 dollars of debt. 
The objective function value is lower with the higher debt because of 
the debt repayment requirement. 
It was not possible to force the farm to use conventional tillage 
practices through a high initial debt and high soil erosion impacts. 
These results are contrary to those of the base case with integer machine 
purchases and those reported by Smith (1986) and the integer solutions. 
In these situations increasing debt resulted in the producer using 
conventional tillage practices early in the time period, rather than 
minimum tillage. The two models are different in the erosion impacts. 
The high erosion impacts used in this segment of the study dominate any 
of the financial impacts associated with farm debt. The producer is 
better off to use minimum tillage up to the point of infeasible production 
rather than use conventional tillage. It appears that the effect of 
initial farm debt on tillage practices is very sensitive to the soil 
erosion impacts. 
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Penalty function 
The penalty function is altered to determine its impact on the sol­
ution. Given that the penalty is at the end of year 100 and discounted 
to the present it should have only a minor impact on the solution. Four 
penalty function situations are examined. These include doubling, quad­
rupling, and eliminating the penalty function from the base situation. 
The fourth situation uses commodity prices that are increased by fifty 
percent and doubles the penalty function value. The results of these 
runs are presented in Tables 4.17 through 4.20. 
Doubling the penalty function had little impact on the solution. 
The noneroded rotation difference occurred only in field 1 and resulted 
in a switch to minimum tillage two periods earlier. Soil erosion from 
field 1 is less because of the earlier switch to minimum tillage. The 
eroded rotations are the same as in the base. The most significant dif­
ferences from the base are that the shadow prices on soil are higher 
and that the objective function value is lower. 
An increase in the penalty function to four times that in the base 
run has only a small impact on the solution. A switch to minimum tillage 
in field 1 occurred in an earlier time period, some minimum tillage is 
used in field 2, and in field 4 an oat - hay rotation is used instead 
of the corn - oat - hay rotation. Soil erosion is lower in fields 1, 
2, and 4 than in the base run. The shadow price on soil is higher. 
Finally, the objective function value is lower because of the increased 
penalty value. 
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Table 4.17. Summary of the double penalty function solution results 
Field number 1 2 3 4 5 
Noneroded rotation 
year 1 C-B(C) C-B(C) C-B(M) C-B(M) 
2 C-B(C) C-B(C) C-B(M) C-B(M) 
3 C-B(C) C-B(C) C-B(M) C-B(M) 
4 C-B(C) C-B(C) C-B(M) C-B(M) 
5 C-B(M) C-B(C) C-B(M) C-B(M) 
10 C-B(M) C-B(C) C-B(M) C-B(M) 
20 C-B(M) C-B(C) C-B(M) C-B(M) 
30 C-B(M) C-B(C) C-B(M) C-B(M) 
50 C-B(M) C-B(C) C-B(M) C-B(M) 
100 C-B(C) C-B(C) C-B(M) C-B(M) 
Eroded rotation 
year 2 C-B(C) C-O-H(C) C-O-H(C) C-O-H(C) -
3 C-B(C) C-B(C) C-O-H(C) C-O-H(C) 
4 C-B(C) C-B(C) C-O-H(C) C-O-H(C) 
5 C-B(M) C-B(C) C-O-H(C) C-O-H(C) -
10 C-B(M) C-B(C) C-B(M) C-O-H(C) -
20 C-B(M) C-B(C) C-B(M) C-O-H(C) 
30 C-B(M) C-B(M) C-B(M) C-B(M) 
50 C-B(M) C-B(M) C-B(M) C-B(M) 
100 C-B(C) C-B(C) C-B(M) C-O-H(C) — 
Percent of field in the , 
eroded rotation, year 100 10.2 17.4 10.8 21.4 
Soil loss, total (t/ac) 804 1570 1037 1799 
Sediment, total (t/ac) 284 707 726 1711 
Soil shadow price year 1 
($/ton) .230 .128 .268 .590 
Objective function value. model 3,237,557 
Shadow price of cash, year 1 .709 
« 
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Table 4.18. Summary of the quadruple penalty function solution 
results 
Field number 12 3 4 5 
Noneroded rotation 
year 1 C-B(C) C-B(C) C-B(M) C-B(M) 
2 C-B(C) C-B(C) C-B(M) C-B(M) 
3 C-B(C) C-B(C) C-B(M) C-B(M) 
4 C-B(M) C-B(C) C-B(M) C-B(M) 
5 C-B(M) C-B(C) C-B(M) C-B(M) 
10 C-B(M) C-B(C) C-B(M) C-B(M) 
20 C-B(M) C-B(C) C-B(M) C-B(M) 
30 C-B(M) C-B(M) C-B(M) C-B(M) 
50 C-B(M) C-B(M) C-B(M) C-B(M) 
100 C-B(C) C-B(C) C-B(M) C-B(M) 
Eroded rotation 
year 2 C-B(C) C-B(M) C-B(C) C-O-H(C) 
3 C-B(C) C-B(C) C-O-H(C) O-H(C) 
4 C-B(M) C-B(C) C-O-H(C) O-H(C) 
5 C-B(M) C-B(C) C-O-H(C) O-H(C) 
10 C-B(M) C-B(C) C-B(M) C-O-H(C) 
20 C-B(M) C-B(C) C-B(M) C-O-H(C) 
30 C-B(M) C-B(M) C-B(M) C-B(M) 
50 C-B(M) C-B(M) C-B(M) C-B(M) 
100 C-B(C) C-B(C) C-B(M) O-H(C) 
Percent of field in the 
eroded rotation. year 100 10.1 14.5 10.8 20.9 
Soil loss, total (t/ac) 799 1304 1037 1755 
Sediment, total (t/ac) 282 587 726 1669 
Soil shadow price year 1 
($/ton) .239 .136 .308 .742 
Objective function value, model 3,237,557 
Shadow price of cash, year 1 .709 
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Table 4.19. Summary of no penalty function solution results 
Field number 1 2 3 4 5 
Noneroded rotation 
year 1 C-B(C) C-B(C) C-B(M) C-B(M) 
2 C-B(C) C-B(C) C-B(M) C-B(M) 
3 C-B(C) C-B(C) C-B(M) C-B(M) 
4 C-B(C) C-B(C) C-B(M) C-B(M) 
5 C-B(C) C-B(C) C-B(M) C-B(M) 
10 C-B(C) C-B(C) C-B(M) C-B(M) 
20 C-B(M) C-B(C) C-B(M) C-B(M) 
30 C-B(M) C-B(C) C-B(M) C-B(M) 
50 C-B(M) C-B(C) C-B(M) C-B(M) 
100 C-B(C) C-B(C) C-B(C) C-B(C) 
Eroded rotation 
year 2 C-B(C) C-O-H(C) C-O-H(C) C-O-H(C) 
3 C-B(C) C-B(C) C-O-H(C) C-O-H(C) 
4 C-B(C) C-B(C) C-O-H(C) C-O-H(C) 
5 C-B(C) C-B(C) C-O-H(C) C-O-H(C) 
10 C-B(C) C-B(C) C-B(M) C-O-H(C) 
20 C-B(M) C-B(C) C-B(M) C-O-H(C) 
30 C-B(M) C-B(C) C-B(M) C-B(M) 
50 C-B(M) C-B(C) C-B(M) C-B(M) -
100 C-B(C) C-B(C) C-B(C) C-O-H(C) -
Percent of field in the 
eroded rotation, year 100 10.7 17.4 18.2 35.7 
Soil loss, total (t/ac) 841 1570 1746 3004 
Sediment, total (t/ac) 297 707 223 2858 
Soil shadow price year 1 
($/ton) .220 .119 .228 .435 
Objective function value. model 3,288,494 
Shadow price of cash, year 1 .709 
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Table 4.20. Summary of the solution results, with output prices 
increased by fifty percent and the penalty function 
doubled 
Field number 1 2 3 4 5 
Noneroded rotation 
year 1 C(C) C(C) C{C) C-B(M) -
2 C{C) C(C) C-B(M) C-B(M) -
3 C(C) C(C) C-B(M) C-B(M) -
4 C(C) C{C) C-B(M) C-B(M) -
5 C(C) C(C) C-B(M) C-B(M) -
10 C{C) C(C) C-B(M) C-B(M) -
20 C(C) C(C) C-B(M) C-B(M) -
30 C(C) C(C) C-B(M) C-B(M) -
50 C-B(M) C-B(M) C-B(M) C-B(M) -
100 C-B(C) C-B(C) C-B(M) C-B(M) -
Eroded rotation 
year 2 C(C) C(C) C{M) C(M) -
3 C(C) C{C) C(M) C(M) -
4 C(C) C(C) C(M) C(M) -
5 C(C) C{C) C{M) C{M) -
10 C(C) C(C) C(M) C(M) -
20 C(C) C(C) C(M) C(M) -
30 C(C) C{C) C(M) C(M) -
50 C(C) C(C) C{M) C(M) -
100 C-B(C) C-B(C) C-B(M) C-B(M) -
Percent of field in the 
eroded rotation. year 100 11.7 15.0 10.9 21.7 -
Soil loss, total (t/ac) 925 1349 1048 1828 -
Sediment, total (t/ac) 327 607 734 1739 -
Soil shadow price year 1 
($/ton) .263 .143 .316 .865 
Objective function value, model 6,765,242 
Shadow price of cash, year 1 .709 
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The solution with a penalty of zero in year 100 is presented in 
Table 4.19. The rotations and tillage practices are the same as in the 
base, except for three situations. Conventional tillage is used in the 
last period in fields 3 and 4 instead of minimum tillage. The absence 
of an ending penalty function value will encourage the soil to be used 
up near the end of the time horizon because there is no cost associated 
with eroding the soil at that time. The shadow price of soil is lower 
than in the base and the objective function value is higher. 
The final penalty function value test is reported in Table 4.20. 
The appropriate comparison for these results is with Table 4.11, where 
output prices are Increased by fifty percent. The only difference be­
tween these two solutions that occurs is in field 3. The continuous 
corn rotation for the noneroded field in years 2 through 5 switches to 
a corn - soybean rotation using minimum tillage. The eroded field 3 
is entirely minimum tilled in this solution. Finally, the shadow price 
on soil is higher and the objective function value lower than the com­
parison run. 
The investigation of the effect of the penalty function on the re­
sults Indicate that while it is important near the end of the time pe­
riod, it has only a minor effect on the earlier time periods in the 
model. The time horizon used in this model is long and as a result the 
present value of a penalty that far in the future will be small. The 
penalty function would be more critical to an analysis with a shorter 
term time horizon, or an analysis that emphasizes the later periods. 
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Initial machinery complement 
The initial allotment of tillage machines can have an impact on 
the solution. Three alternative situations are examined in an attempt 
to determine the impact of the initial allocation of machines on the 
tillage practice. Table 4.21 summarizes the effect of purchasing a com­
plement of minimum tillage machines in year 1. The solution forced in 
the purchase of one whole machine to circumvent some of the problems 
associated with the purchase of part of a machine rather than the whole 
machine. A difference in tillage practices are observed for the first 
6 periods in field 1 and for the first 5 periods in field 2. The rest 
of the rotations in the solution are the same as in the base solution. 
Soil erosion is lower on fields 1 and 2 because minimum tillage is used 
over more years. The shadow value of soil in the fields remains the 
same and the objective function value is lower by 1,803 dollars. 
A solution with no initial allocation of machines resulted in the 
tillage practice in field 1 switching to minimum tillage for the first 
9 periods. Table 4.22. The rotations and tillage practices on the re­
maining fields are the same as in the base. The switch to minimum till­
age for field 1 does indicate that the initial allocation of machines 
to the farm did impact on the tillage decision. The shadow prices on 
soils are the same, and the objective function value is lower. 
An initial allocation of minimum tillage machines results in a solu­
tion that is little different from the situation of no initial allocation 
of tillage machines. The only difference from Table 4.22 is field 2 
Is minimum tilled in year 1 and soil loss on field 1 is 18 tons less 
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Table 4.21. Summary of buying minimum tillage equipment in the 
initial year solution results 
Field number 1 2 3 4 5 
Noneroded rotation 
year 1 C-B M) C-B(M) C-B(M) C-B(M) 
2 C-B M) C-B(M) C-B(M) C-B(M) 
3 C-B M) C-B(M) C-B(M) C-B(M) -
4 C-B M) C-B(M) C-B(M) C-B(M) 
5 C-B M) C-B(M) C-B(M) C-B(M) 
10 C-B M) C-B(C) C-B(M) C-B(M) -
20 C-B M) C-B(C) C-B(M) C-B(M) 
30 C-B M) C-B(C) C-B(M) C-B(M) -
50 C-B M) C-B(C) C-B(M) C-B(M) 
100 C-B C) C-B(C) C-B(M) C-B(M) 
Eroded rotation 
year 2 C-B C) C-B(C) C-O-H(C) C-O-H(C) -
3 C-B C) C-B(C) C-O-H(C) C-O-H(C) 
4 C-B C) C-B(C) C-O-H(C) C-O-H(C) 
5 C-B c) C-B(C) C-O-H(C) C-O-H(C) 
10 C-B M) C-B(C) C-B(M) C-O-H(C) -
20 C-B M) C-B(C) C-B(M) C-O-H(C) -
30 C-B M) C-B(C) C-B(M) C-B(M) 
50 C-B M) C-B(C) C-B(M) C-B(M) 
100 C-B C) C-B(C) C-B(M) C-O-H(C) 
Percent of field in the 
eroded rotation, year 100 9.9 17.0 10.8 21.4 
Soil loss, total (t/ac) 781 1526 1037 1799 
Sediment, total (t/ac) 276 687 726 1710 
Soil shadow price year 1 
($/ton) .225 .123 
Objective function value, model 3,271,685 
Shadow price of cash, year 1 .709 
.248 .512 
than reported in Table 4.22. The shadow price on soil is the same, but 
the objective function value is higher because the initial allocation 
of resources is higher. A result summary table will not be presented 
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Table 4.22. Summary of solution results when no initial 
allocation of tillage machines 
Soil number 1 2 3 4 5 
Noneroded rotation 
year 1 C-B M) C-B(C) C-B(M) C-B(M) 
2 C-B M) C-B(C) C-B(M) C-B(M) 
3 C—B M) C-B(C) C-B(M) C-B(M) 
4 C—B M) C-B(C) C-B(M) C-B(M) 
5 C-B M) C-B(C) C-B(M) C-B(M) 
10 C-B M) C-B(C) C-B(M) C-B(M) 
20 C-B M) C-B(C) C-B(M) C-B(M) 
30 C-B M) C-B(C) C-B(M) C-B(M) 
50 C—B M) C-B(C) C-B(M) C-B(M) 
100 C-B C) C-B(C) C-B(M) C-B(M) 
Eroded rotation 
year 2 C—B M) C-O-H(C) C-O-H(C) C-O-H(C) -
3 C-B M) C-B{C) C-O-H(C) C-O-H(C) -
4 C-B M) C-B(C) C-O-H(C) C-O-H(C) 
5 C-B M) C-B(C) C-O-H(C) C-O-H(C) 
10 C-B M) C-B(C) C-B(M) C-O-H(C) 
20 C-B M) C-B(C) C-B(M) C-O-H(C) 
30 C-B M) C-B(C) C-B(M) C-B(M) 
50 C-B M) C-B(C) C-B(M) C-B(M) 
100 C-B C) C-B(C) C-B(M) C-O-H(M) -
Percent of field in the 
eroded rotation, year 100 9.9 17.4 10.8 21.4 
Soil lossi total (t/aç) 781 1570 1037 1799 
Sediment, total (t/ac) 276 707 726 1710 
Soil shadow price year 1 
($/ton) .225 .123 .248 .512 
Objective function value , model 3,265,884 
Shadow price of cash, year 1 .709 
because of the similarity to the solution above with no initial machine 
allocation. 
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Personal consumption and land rent 
A final run is made that includes a land rental charge. The results 
of this run are in Table 4.23. The results indicate that field 4 is 
not able to support the rent of 90 dollars per acre in the early years 
of the time horizon. The tillage practice on field 1 remains conven­
tional tillage for one additional period, compared to the base, and as 
a result soil erosion is higher for this field. Fields 2 and 3 are the 
same as in the base solution. Field 4 does not come into production 
until the eleventh year of the model. The returns from production on 
field 4 are negative when the land rent is taken into account. Yield 
growth due to technology will result in positive returns from production 
later in the time horizon, the eleventh year in this situation. 
Results Summary 
The base solution results indicate that it is profitable in the 
long term to conserve soil. The level of conservation employed depends 
on the impact of soil erosion and the actual level of soil erosion. 
Fields in which the impact from soil erosion is high, such as field 4, 
use minimum tillage practices and rotations with crops that are less 
erosive. Fields that have a low productivity impact from soil erosion 
continue to use conventional tillage practices and grow row crops that 
are erosive but have high returns. The value of soil to the production 
process is a reflection of the impact soil erosion will have on returns. 
The higher the value of soil, the greater the impact from soil erosion 
and conservation measures are more likely to be employed. 
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Table 4.23. Summary of solution results with land rent and no 
personal consumption 
Field number 12 3 4 5 
Noneroded rotation 
year 1 C-B(C) C-B(C) C-B(M) -
2 C-B(C) C-B(C) C-B(M) -
3 C-B(C) C-B(C) C-B(M) -
4 C-B(C) C-B(C) C-B(M) -
5 C-B(C) C-B(C) C-B(M) -
10 C-B(C) C-B(C) C-B(M) — 
20 C-B(C) C-B(C) C-B(M) C-B(M) 
30 C-B(M) C-B(C) C-B(M) C-B(M) 
50 C-B(M) C-B(C) C-B(M) C-B(M) 
100 C-B(C) C-B(C) C-B(M) C-B(M) 
Eroded rotation 
year 2 C-B(C) C-O-H(C) C-O-H(C) -
3 C-B(C) C-B(C) C-O-H(C) -
4 C-B(C) C-B(C) C-O-H(C) -
5 C-B(C) C-B(C) C-O-H(C) -
10 C-B(C) C-B(C) C-B(M) -
20 C-B(C) C-B(C) C-O-H(C) — 
30 C-B(M) C-B(C) C-B(M) C-B(M) 
50 C-B(M) C-B(C) C-B(M) C-B(M) 
100 C-B(C) C-B(C) C-B(M) C-O-H(C) 
Percent of field in the 
eroded rotation. year 100 11.5 17.4 10.8 19.3 
Soil loss, total (t/ac) 902 1570 1037 1623 
Sediment, total (t/ac) 319 707 726 1545 
Soil shadow price year 1 
($/ton) .239 .131 .262 .097 
Objective function value, model 2,436,585 
Shadow price of cash, year 1 .781 
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The impact of erosion on productivity has an overbearing effect 
on the results of the model. The use of soil survey erosion impacts, 
which are much higher than the EPIC estimates, gives vastly different 
results. The tillage practice is consistently minimum tillage, across 
all fields and years. A switch of crops produced occurs when using the 
higher productivity impacts. Hay is grown on the more erosive fields 
and as the field is eroded, the rotation switches to one with more hay. 
It is also profitable to terrace erosive fields with the higher produc­
tivity impacts. Terracing occurs after the farm is able to accumulate 
enough financial resources to install the terraces. The objective func­
tion value is lower by 15.0 percent for the full impacts, 8.0 percent 
when the impacts are halved, and 3.8 percent when impacts are quartered. 
The shadow price on the soil is also much higher with the soil survey 
impacts. The shadow prices are 772.9 percent higher for field 1, 8513.0 
percent higher for field 2, 1623.4 percent higher for field 3, and 319.9 
percent higher for field 4 in the full impact case. The percentage in­
creases are less for the half and quarter impacts, but still greater 
than the base values. 
The case of no productivity impacts from soil erosion will result 
in production that maximizes individual period returns. Present day 
soil erosion is assumed not to impact on the future productivity of the 
land. The results indicate that a corn - soybean rotation using conven­
tional tillage will produce maximum returns. Soil itself has no value 
in terms of the productivity of the land, a result of the assumption 
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used in the analysis. The objective function value is 1.8 percent higher 
than the base value. 
Discounting the future will put less emphasis on the future and, 
therefore, there is less of a requirement to conserve soil in order to 
maximize returns. The model results when there is no discounting is 
to switch to minimum tillage where conventional had been used in the 
base. A change in rotations occurs in field 4 where the productivity 
impact from soil erosion is high. The rotation and tillage practice 
switch contribute to less erosion over the time horizon, a decrease of 
39.1 percent from the base solution. The value of soil is higher than 
in the base solution, 344.0 percent for field 1, 426.0 percent for field 
2, 648.8 percent for field 3, and 1030.3 percent for field 4. 
A tax on sediment will result in a switch to minimum tillage, rota­
tion changes that produce less sediment, and terracing. The tax of one 
dollar per ton of sediment results in a switch to minimum tillage in 
fields 1 and 2, and a rotation switch in field 4 to oats - hay in some 
of the periods. The reduction in sediment compared with the base is 
43.1 percent for field 1, 56.4 percent for field 2, 0.0 percent for field 
3, and 7.4 percent for field 4. The overall reduction is 20.1 percent. 
The objective function value is lower by 5.3 percent. The three dollar 
per ton tax only impacts on field 4, compared with the one dollar per 
ton tax. Field four switches to oat - hay rotations in more periods. 
Sediment reduction is the same in fields 1 through 3 as it is for the 
one dollar tax. Field 4 has sediment reduced 16.9 percent when compared 
with the base. The overall reduction in sediment is 21.9 percent from 
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the base. Finally, for this tax level the objective function value is 
11.4 percent lower. The five dollar per ton tax Impacts on fields 3 
and 4, compared to the two previous tax levels. Field 3 is terraced 
which reduces sediment 68.0 percent compared with the base. Field 4 
uses the oat - hay rotation in additional years to reduce sediment 23.7 
percent compared with the base. The overall sediment reduction is 55.4 
percent from the base level. The objective function value is reduced 
16.9 percent. 
An increase in output prices by fifty percent resulted in a switch 
to continuous corn for most of the years. The corn - soybean rotation 
came back into the solution in the later years, which is the result of 
the higher yield growth for soybeans compared to corn. The impact that 
the output price has on soil conservation is not clear. Soil erosion 
on field 2 is lower than in the base, but fields 1 and 4 have higher 
soil erosion. Total soil erosion is 50 tons, 1.0 percent, less in the 
higher price situation than in the base. The value of soil is higher 
in the higher price situation, 13.3 percent for field 1, 10.6 percent 
for field 2, 14.9 percent for field 3, and 44.9 percent for field 4. 
Finally, the objective function value is 107.6 percent higher than in 
the base. 
An increase in the price of hay by fifty percent and holding grain 
prices constant will result in a shift to oats - hay rotations using 
conventional tillage. The oats - hay rotation occurs in every field 
for the first 50 years and is used in field 2 and the eroded fields in 
years 51 through 100. Soil erosion is lower than in the base solution, 
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14.6 percent for field 1, 64.0 percent for field 2, 24.8 percent for 
field 3, 29.2 percent for field 4, and an overall reduction of 44.0 per­
cent. The value of soil is less in all fields. The objective function 
value is 29.6 percent higher than the base. 
An increase in the price of corn relative to soybeans had very 
little impact on the solution. The relative price could not be changed 
very much because the price ratio was already near the high end of the 
historical prices ratios. Soil erosion is nearly the same, as are the 
values of soil. The most noteworthy change is in the objective function 
value and that occurs because of the higher corn price. 
The case of no technological increases in crop yields will produce 
inconclusive results as to the impact on soil erosion when discounting 
is included. The soil erosion on field 1 is higher and on field 2 it 
is lower. The erosion on fields 3 and 4 is approximately the same. 
The value of soil is lower, as is the objective function value, because 
of lower returns in the future. When discounting is removed, the results 
reveal two implications that yield technology will have on soil erosion. 
The first is that if the yield increase for an erosive crop is greater 
than a nonerosive crop, then over time the erosive crop becomes more 
profitable relative to the less erosive crop and soil erosion will 
increase when the crop is grown. The second implication is that with 
the rotational and discounting effects removed, soil erosion will be 
higher when there are no technology yield increases. 
The soil model is difficult to compare with the field model because 
the fields are a mixture of the different soils. Soil erosion is 5.5 
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percent less in the soil model. The largest part of this reduction in 
soil erosion occurs in the Dubuque soil, soil 4. In the field model, 
the Dubuque soil is combined with the Fayette soil to make field 4. 
The optimum field rotation is not the same as for the individual soils. 
Modelling on a soil basis will result in an underestimate of the amount 
of soil erosion that will occur. The objective function value for the 
soil model is 4.7 percent higher than the field model. It would be ad­
vantageous for the producer to farm fields on a soil basis when the soils 
are vastly different, if the distinction between soils is conducive to 
field boundaries. 
Farm debt will impact on the decision to conserve soil only when 
the level of debt is high and approaching infeasible production. 
Conventional tillage machines will be used, rather than minimum tillage 
machines, as the debt level approaches the level at which debt commitments 
exceed the repayment ability of the farm. Integer machine purchases 
are required to obtain this result. The range of debt in which the 
tillage practice is affected is small. The major impact of debt is on 
the objective function value, and this reflects the payment of principal 
and interest over the life of the debt. 
The effect of the penalty function value on the model result is very 
small for increases in value. A doubling of the penalty function value 
reduced soil erosion by 5.4 percent and the objective function value 
by 0.4 percent. The rotations were the same and a little more minimum 
tillage is used. Increasing the penalty function value by 4 times 
resulted in less conventional tillage and a small shift to oat -hay 
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rotations on eroded soils. This reduced soil erosion by 7.6 percent 
and the objective function value by 1.1 percent. The elimination of 
the penalty function switched the tillage practice in the final period 
to conventional tillage. The tillage change in this period, half of 
the entire time horizon, increased soil erosion by 36.1 percent. The 
objective function value is 0.5 percent higher. The penalty function 
is important near the end of the time horizon. The elimination of the 
penalty will result in high erosion at the end of the time period. The 
effect on the value of soil in the first period is a reduction of about 
2 percent for the no penalty case. 
The initial machinery allocation will impact on the tillage decision 
in the first periods in the model. Minimum tillage machines will be 
used on all fields in the early periods of the model if they are present 
in inventory. Once the machines need replacement, conventional tillage 
will come back into the solution for the less erosive soils. When there 
are no tillage machines at the start, conventional and minimum tillage 
machines will be purchased. The machine purchase decision is affected 
by integer solutions in the model. A producer would not have two 
machinery complements to till fields with different tillage practices 
when entire machines have to be purchased. The integer solution over 
the entire time horizon did impact on the tillage practice on fields 
1 and 2. Minimum tillage is used on these fields, rather than 
conventional tillage, because the cost of owning two lines of machine 
equipment exceeds the cost of using minimum tillage on these two fields. 
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CHAPTER V. THE DYNAMIC PROGRAMMING MODEL AND RESULTS 
The Model 
The linear programming model developed in this study is not capable 
of evaluating the impact of stochastic aspects of soil erosion on the 
optimum production and tillage decision. A stochastic dynamic programming 
model, which is stochastic in the level of soil eroded, can be used to 
determine the impact. A stochastic dynamic programming model is capable 
of evaluating the returns from various levels of soil erosion that could 
occur during the year. The state the system is in the next time period 
will depend on the level of soil erosion in the present time period. 
Weather variability, in rainfall and rainfall intensity, will produce 
differing levels of soil erosion. Deterministic models of soil erosion 
use an average level of soil erosion, avoiding the effects a very low 
or a very high level of soil erosion may have on the system. An extreme 
deviation from the average soil erosion could put the producer on a 
different decision path. For example, a high soil erosion level could 
result in a switch to soil conserving production practices. 
The dynamic programming model can also be used to evaluate machine 
replacement. Machine purchases will be integer, not the partial machines 
which can occur in l inear programming. Dynamic programming models can 
be designed to have a machine replacement decision. The decisions at 
any period facing the producer are whether to keep the machine another 
period, or to replace the machine. If the machine is to be replaced, 
then the type of machine to be purchased must be determined. The machine 
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replacement type must match the tillage practice type. If the machine 
does not match the tillage type, the machine must be replaced so it does 
match the tillage type. The tillage practice and the type of tillage 
machine purchased are jointly determined. 
Dynamic programming models grow exponentially in size as additional 
state and control variables are added to the problem. It is for this 
reason that problems avoid complexity by formalizing the problem to have 
a limited number of state and control variables. The model in this study 
contains two rotations, two tillage practices, and two types of tillage 
machines, which have a six year life. There are three state variables 
in the model, the quantity of cumulative eroded soil, the type of tillage 
machine, and the age of the tillage machine. Three decision variables 
in the model are the crop rotation, the tillage practice, and the 
replacement of tillage machines. The tillage machine type is determined 
by the tillage practice so replacement occurs either to match the tillage 
practice or to replace the machine with a new one of the same type. 
If the tillage practice does not match the tillage machine type, the 
tillage machine must be replaced. The model is limited to 100 years 
in length because of model size limitations. 
The optimal value function is S(i,m,k,n,h,y). The optimal value 
function is the maximum returns from year y to year T starting in year 
y with soil loss measure i, tillage machine type m of remaining life 
k years, and producing with rotation n, with tillage practice type h. 
Tillage machines for conventional and minimum tillage are aggregated 
to one composite machine of each type, embodying the purchase price and 
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operating cost of the individual machines. The principle of optimality 
gives the following recurrence relation 
S(i,m,k,n,h,y) = 
max Keep: R(i,n,h) - C(i,n,h) - MC(m,k,n) 
n,h 
+ d z Pij S(j,m,k-l,n,h,y+l) 
j 
Replace: R(i,n,h) - C(i,n,h) - MC(m,k,n) - MP(m,n) (5.1) 
+ TV(m,k,n) + d z Pij S(j,m,k-l,n,h,y+l) 
j 
New: R(i,n,h) - C(i,n,h) - MC(m,k,n) - MP(m,n) 
+ SV(m,k,n) + d z Pij S(j,m,k-l,n,h,y+l) 
j 
R(i,n,h) is the gross returns function, which depends on the soil loss 
measure, the rotation, and the tillage practice. C(i,n,h) is the cost 
function. The returns are net of tillage machine costs. MC(m,k) is the 
tillage machine variable cost, which depends on the tillage machine type 
and the remaining life of the machine, d is the discounting factor. P is 
the transition matrix which describes the Markov process. It contains a 
set of conditional probabilities, pij. The transition matrix contains the 
probabilities that a system now in state i will be in state j after the 
next transition. MP(m,n) is the cost of the tillage complement of type m 
used in rotation n. TV(m,k,n) is the trade-in value at the start of the 
year for a machine of type m and remaining life k in rotation n. 
SV(m,k,n) is the salvage value of a machine at the end of the year for 
a machine of type m and remaining life k in rotation n. The producer is 
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faced with three machinery replacement alternatives. The first is to 
keep the machine for another period. The second Is to replace a machine 
that has remaining life but is replaced because either the tillage 
practice switches and, therefore, tillage machines to match the practice 
are purchased, or a new machine of the same type is purchased. The third 
alternative involves the purchase of a new machine of the same type to 
replace a worn-out machine. 
The optimal value function, if the decision is to keep the machine, 
is the returns less costs of production, less machine operating costs, 
plus the discounted expected optimal value function at the next erosion 
level in the next year. This is for the same machine type, with one less 
year of remaining life. The replacement of a machine can be with either 
the same or with a different machine type. The optimal value function 
with replacement is the returns less costs from production, less the 
machine operating costs of the machine type purchased, less the cost of 
the new machine, plus the trade-in value of the old machine, plus the 
discounted expected optimal value function at the next erosion levels in 
the next year. The machine type in the next period is of the type of the 
replacement machine and has one less year of remaining life. The old 
machine has a trade-in value because it has remaining years of life. The 
optimal value function when purchasing a new machine because the old 
machine has zero years of life is the returns less costs from production, 
less the machine operating costs of the type purchased, less the cost of 
the new machine, plus the salvage value of the worn-out machine, plus the 
discounted expected optimal value function at the next erosion levels, in 
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the next year. The machine type in the next period is the machine type 
purchased, but with one less year of remaining life. 
The boundary conditions are the starting conditions for solving 
the problem. The boundary conditions for this problem are for year T 
because backward counting is used to solve the problem. They include 
the profits for that period, plus the value of machinery assets remaining 
at the end of the period, less a penalty for the cumulative soil eroded. 
The purpose of the penalty function is to prevent soil erosion in the 
periods near the end of the time horizon, as was the purpose of the 
penalty function in the linear programming model. 
The boundary conditions for the problem allow replacement of the 
machine for the final period if the tillage practice does not match the 
tillage machine type. Machine replacement for a new machine of the same 
type is not allowed. The value of the machine at the end of the time 
horizon is the salvage value. The boundary condition also includes a 
penalty function to account for the effect of cumulative soil erosion 
on returns during the years past the time horizon= The boundary condition 
is 
S(i,m,k,n,h,T) = 
max Keep: R(i,n,h) - C(i,n,h) - MC(m,k,n) + SV(m,k,n) 
n,h 
- z Pij PL(i,n) 
j 
Replace: R(i,n,h) - C(i,n,h) - MP(m,k,n) + TV(m,k,n) 
- MC(m,k,n) + SV(m,k,n) - E Pij PL(i,n) (5.2) 
j 
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New: R(i,n,h) - C(i,n,h) - MP(m,k,n) + SV(m,k,n) 
- MC(m,k,n) + SV(m,k,n) - Z Pij PL(i,n) 
j 
PL(i,n) is the penalty function and is dependent on the soil erosion 
impact, the amount of soil eroded at the end of time T, input and output 
prices, and the crop rotation. The remaining variables are as defined 
above. The boundary condition is maximized over three alternatives. 
The first is to keep the present machine. The second is to replace the 
tillage machine type because the tillage practice does not match the 
present tillage machine type. The third alternative is purchasing a 
new machine complement because the remaining life of the machine is zero. 
The optimal value function boundary condition when the machine is 
kept, is the returns less costs of production, less the machine costs, 
plus the salvage value of the machines, less the expected penalty 
associated with soil loss. The salvage value accounts for the remaining 
asset value of the tillage machines at the end of the period. The penalty 
function accounts for the decreased returns in the future, or could be 
interpreted as the decrease in land values associated with the loss of 
soil. Machine replacement in the boundary condition is allowed only 
for the purposes of matching the machine type with the tillage practice. 
The optimal value function is the returns less costs of production, less 
the machine costs for the type of machine purchased, plus the trade-in 
value of the old machine, less the purchase price of the new machine, 
plus the salvage value of the new machine at the end of the period, less 
the expected penalty associated with the soil loss. The optimal value 
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function when a new machine is purchased to replace a worn-out machine 
is the returns less costs from production, less the purchase price for 
the new machine, plus the salvage value of the old machine, less the 
machine operating costs for the machine purchased, plus the salvage value 
of the purchased machine, less the expected penalty function associated 
with the soil loss. 
Model components 
Rotations The model is constructed with two crop rotations. 
They are continuous corn and corn - oats - three years of legume hay. 
The rotations are kept to only two because of model size considerations. 
The rotations have different levels of soil erosion and crops produced. 
Relative crop prices can effect the crops produced. The cost of soil 
erosion can effect the rotation through the erosion associated with the 
rotation. 
Tillage There are two tillage practices in the model, 
conventional tillage and minimum tillage. The tillage practices are 
the same as those used in the linear programming model. 
Tillage machines This model combines all the tillage machines 
specific to the tillage practice into one composite machine. The linear 
programming model has seven conventional tillage machines and four minimum 
tillage machines. The size considerations prevent all of these machines 
from being explicitly included in the model. The tillage machines are 
modelled as one machine for each rotation, which includes all of the 
individual machines. The machines are distinguished by rotation because 
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of the large difference in machine and operating costs by rotation. 
This is an approximation of the actual machine costs. The machine trade-
in value accounts for the different lengths of machine life within each 
of the composite machines and the different use rates of machines by 
rotation. 
Discount rate The model contains a discounting factor. The 
operational aspect of discounting in dynamic programming is different from 
linear programming. The optimal value function is defined as the present 
value of returns from the present period to the end of the time horizon. 
The returns in any period are discounted to that period, not to period one 
as in the linear programming model. The returns in period one of both 
models should have the same discounted returns. For example, the penalty 
function value calculated in the dynamic programming model is for the 
ending time period and in current dollars of the ending time period. The 
discounting to time period one occurs within the recurrence relation. In 
the linear programming model by contrast, the penalty function value is 
discounted to time period one before entering the value in the model. 
Erosion probabilities and levels The stochastic component of the 
model requires the specification of probabilistic erosion levels and the 
probabilities of these erosion levels occurring. Discrete levels of soil 
erosion are specified based on soil erosion levels from EPIC model runs. 
The erosion values and probabilities of those erosion levels occurring are 
by crop rotation and tillage practice, four categories in total. The 
number of outcomes for each rotation and tillage practice are kept to 
three, mainly due to model size considerations. The specification of 
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three discrete outcomes and probabilities for each rotation and tillage 
practice will result in some loss of detail about soil erosion outcomes. 
Data 
The majority of the data required for the dynamic programming model 
is taken directly from the linear programming model. The soil erosion 
impacts used are those reported in Table 3.1. The yield and fertilizer 
data are from Table 3.2 and Tables 3.3 through 3.6. Technology rates 
and the discount rate are the same as in the linear programming model. 
Machine costs are derived from the data in Appendix B. The calculation 
of trade-in and salvage values by year required additional computations. 
Salvage value information is taken from Edwards and Ozkan (1985). The 
cost of a machine, the trade-in and salvage values, and the operation 
costs are reported in Table 5.1. The costs are on a per acre basis, 
with machine use life calculated for a 480 acre farm. 
The machine costs for conventional tillage are higher than for 
minimum tillage^ Similarly." machine costs for the corn - oat - hay 
rotation are higher than for corn because more tillage machines are 
required. The trade-in and salvage values decrease with the age of the 
machine. The largest decrease in machine value is in the first year 
of machine use. The operating costs increase with machine age, reflecting 
the higher repair and maintenance costs of older machinery. The category 
of other costs includes nontillage machines and production inputs other 
than fertilizer. Fertilizer costs are calculated with the model because 
they depend on the level of soil erosion. 
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Table 5.1. Machine costs per acre 
Tillage 
Rotation 
Conventional Minimum 
Corn C-O-H Corn C-O-H 
Purchase price 30.68 39.84 22.97 33.44 
Trade-in value. year 1 24.42 31.71 18.28 26.62 
2 21.97 28.53 16.45 23.94 
3 19.79 25.70 14.82 21.57 
4 17.86 23.19 13.37 19.46 
5 16.17 21.00 12.11 17.62 
6 14.63 19.00 10.96 15.95 
Salvage value. year 1 21.35 27.73 15.99 23.27 
2 18.90 24.54 14.15 20.60 
3 16.72 21.71 12.52 18.22 
4 14.79 19.20 11.07 16.12 
5 13.10 . 17.01 9.81 14.28 
6 11.57 15.02 8.66 12.61 
Operating cost. year 1 0.523 0.109 0.398 0.090 
2 0.732 0.152 0.557 0.126 
3 0.837 0.174 0.637 0.144 
4 0.941 0.195 0.716 0.162 
5 1.046 0.217 0.796 0.180 
6 1.150 0.239 0.876 0.198 
Other costs 102.88 81.54 105.90 83.83 
The possible soil erosion levels and the probabilities associated 
with each soil erosion level are calculated by field or soil, depending 
on the analysis. There are unique values for each rotation and tillage 
practice. The values used in the analysis are in Table 5.2. Soil erosion 
is reported in tons per acre. The probabilities are reported below the 
soil erosion values. The probabilities for a rotation, tillage practice. 
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and field or soil will sum to one. The fields and soils are the same 
as reported in the chapter describing the linear programming model. 
The Analysis 
The model will be used to determine the production and tillage 
practices for a field. The optimal decision rule is determined for each 
tillage machine type and age, and each soil erosion measure. The model 
is designed to evaluate one field at a time, not several fields as is 
the case in the linear programming model. Field three from the linear 
programming model will be used in this analysis. This field primarily 
consists of Fayette soils. The model will be run with a time horizon 
of 100 years. 
The model will be used for alternative analysis situations. The 
model will be run for a 50 year period to determine the difference from 
the 100 year model. This is done for the purpose of determining whether 
the model results are reliable enough for a 50 year period. The model 
the model results are reliable enough for a 50 year period. The model 
requires a large amount of time to solve and reducing the time horizon 
in half will reduce computing time by about 70 percent. An accurate 
result requiring less time to solve would be very desireable. It is 
anticipated that the rotation results should be similar for the two time 
horizons because of the use of the penalty function in the model. 
A situation of no technology yield increases will be run. This 
situation should provide information on the impact of yield increases 
on the decision to conserve soil. The linear programming model concluded 
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Table 5.2. Soil erosion levels and probabilities by field and soil 
Till age Conventional Minimum 
Rotation Corn C-0-H Corn C-0-H 
Field 1 erosion^ 
prob.b 
2 
.45 
8 
.45 
20 
.10 
2 
.60 
4 
.35 
16 
.05 
2 
.50 
4 
.45 
16 
.05 
2 
.65 
4 
.30 
12 
.05 
Field 2 erosion 
prob. 
4 
.19 
10 
.70 
30 
.11 
2 
.55 
8 
.35 
20 
.10 
2 
.15 
6 
.73 
16 
.12 
2 
.65 
4 
.30 
12 
.05 
Field 3 erosion 
prob. 
8 
.25 
18 
.53 
30 
.22 
4 
.35 
10 
.60 
24 
.05 
2 
.14 
8 
.68 
18 
.18 
2 
.36 
4 
.58 
12 
.06 
Field 4 erosion 
prob. 
20 
.40 
40 
.50 
100 
.10 
5 
.65 
15 
.30 
80 
.05 
10 
.30 
20 
.45 
30 
.25 
5 
.65 
10 
.25 
25 
.10 
Soil 1 erosion 
prob. 
0 
.25 
1 
.59 
3 
.16 
0 
.52 
1 
.46 
2 
.02 
0 
.59 
1 
.25 
2 
.16 
0 
.82 
1 
.16 
2 
.02 
Soil 2 erosion 
prob. 
2 
.21 
8 
.56 
18 
.23 
2 
.25 
4 
.51 
8 
.24 
2 
.34 
6 
.41 
16 
.25 
2 
.50 
4 
.25 
6 
.25 
Soil 3 erosion 
prob. 
8 
.25 
18 
.53 
30 
.22 
2 
.14 
8 
.68 
18 
.18 
2 
.05 
10 
.65 
20 
.30 
2 
.35 
4 
.55 
12 
.10 
Soil 4 erosion 
prob. 
30 
.27 
60 
.52 
100 
.21 
10 
.22 
25 
.61 
40 
.17 
5 
.35 
30 
.60 
80 
.05 
5 
.65 
10 
.25 
25 
.10 
®Tons per acre. 
^Probability associated with the erosion level. 
that yield increases tended to encourage soil conservation, though the 
conclusions were not strong. 
The situation of no discounting will be run. A situation of no 
discounting should result in a higher level of soil conservation. The 
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value of soil in the future will be higher, therefore, more soil would 
be saved. A no discounting, no technology situation will be run to remove 
all the effects of discounting and technology. 
The remaining three fields from the linear programming model will 
also be used in separate analyses. Field 3 in the linear programming 
model used the same rotation throughout the time horizon. Field 1, on 
the other hand, had rotation switches over the time horizon. Field 2 
used conventional tillage and field 4 used minimum tillage throughout 
the time horizon. Yields and erosion impacts from these fields will 
be used in the dynamic programming model. The machine purchases in the 
dynaamic programming model could result in a solution that differs from 
the linear programming model. 
Four additional models will be run as soil models. The yields, 
soil erosion impacts, and input use will be specified by soil. The 
results from the soil analysis will be compared with the field analysis, 
as was done in the linear programming analysis. 
The variables and results of interest include the rotation and 
tillage practice by machine type and age, and by the soil erosion measure. 
The rotation over time will give an indication of the soil value over 
time, in that conservation will be higher if the soil value increases. 
The rotation which is optimal as the quantity of soil eroded increases 
will also be important. The final output consideration will be the effect 
of the starting tillage machine and age of the machine on the results. 
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Results 
The dynamic programming model produces a massive amount of output for 
a 100 year run. There are three state variables and as the number of 
years increases, the total number of states increases. There are 16,812 
states in year 100, and there are 360 states in year 1 for the base model. 
The results, therefore, have to be condensed to a manageable level. 
The results will be presented in general descriptions, some comparisons 
will be made with the linear programming results, and any trends will 
be highlighted. 
The base model for field 3 indicates that minimum tillage corn is 
the optimum production practice in the majority of states. The optimum 
decision is independent of the soil erosion measure within a given year. 
The state that does not use minimum tillage is that which has a conven­
tional tillage machine with remaining life of one year. This state uses 
conventional tillage on continuous corn. The production practices by 
machine and age state variables are the same up to year 91. The rotation 
is corn with conventional tillage from year 91 to year 100, at the state 
of conventional tillage machines of 2, 3, and 4 years of remaining life. 
The state with a remaining life of two years for conventional machines 
switches to conventional tillage at year 93, and with six years of 
remaining life, changes at year 95. The switch to conventional tillage 
near the end of the time horizon could be an indication that the penalty 
function value is not high enough and as a result, soil is eroded at 
a higher rate near the end of the time horizon. All states with minimum 
tillage machines use minimum tillage. 
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The optimal value function at the start of the time period is very 
similar in magnitude across all states. This indicates that the Initial 
starting state will have a minor effect on the net present value of the 
flow of returns. Initial machine endowments have little impact on the 
choice of the optimum production practice. The results require minimum 
tillage for all states but one. If conventional tillage is used in year 
one because of an initial endowment of conventional tillage machines with 
one year of life remaining, tillage from year 2 to year 100 will be mini­
mum tillage. This Is because in year 2, when new machines are purchased, 
minimum tillage machines are purchased. The difference In returns across 
states is primarily due to the machine value and replacement costs. 
The stochastic soil erosion present in the model had little, or no, 
effect on the rotation or the tillage practice. The decision path does 
not change due to a year of higher, or lower, than average soil erosion. 
A model without stochastic soil erosion should produce the same decision 
path as this model. Stochastic soil erosion might be important on other 
fields, or other problem settings. It does not appear to be a major 
issue on the field used In the base situation of the dynamic programming 
model. 
The shortening of the time horizon to 50 years had some impact on the 
results in the far future, but years 1 through 26 are the same as in the 
100 year model. Minimum tillage Is used in all states in the first 26 
years, except for the state with conventional tillage machines with one 
year of life remaining. Conventional tillage becomes prevalent in the 
latter years of the model for states that contain conventional tillage 
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machines. The results from the 50 year model indicate that very little 
information will be lost using the shorter time period. The time periods 
early in the time horizon have the same rotational results. The optimal 
value function will be less in the 50 year model, but the relative returns 
across states are the same as in the 100 year model. The decision path in 
the 50 year model will match that of the 100 year model for years 1 
through 26 and will be close in the following years. 
A measure of the productivity impact from soil erosion on profits 
is the value of an additional ton of soil. This value from the dynamic 
programming model is calculated from the optimal value function values 
reported for the various soil erosion states. The value of soil in year 
one is 19 cents per ton, lower than the 25 cents per ton calculated in 
the linear programming model. The value of soil decreases over time. 
The case of no technological growth in yields produced results that 
are very dependent upon the state of the system. The states with minimum 
tillage machines used minimum tillage practices, producing corn. The 
majority of the states with conventional tillage use conventional tillage 
and produced continuous corn. Conventional tillage machines with 1, 3, 4, 
and 5 years of remaining life are kept and conventional tillage is prac­
ticed. Machines with two years remaining life are sold and new minimum 
tillage machines are purchased. The conventional machines with 2 years 
of remaining life are a bit of an oddity in the results. The underlying 
reason for this is in the machine purchase, salvage, and trade-in values. 
This one state condition aside, there is less conservation of soil when 
there are no technology increases, if the firm has conventional tillage 
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machines. Soil erosion should be the same as in the base run, if the 
state has minimum tillage machines. The optimal value function is less 
in the case of no technology because total production is less. The value 
of soil is 14 cents per ton, less than the base and the same as in the 
linear programming model. The optimum production decision did not change 
across soil erosion values. This indicates that the stochastic component 
of the model has little importance in the decision path. 
The situation of no discounting will result in minimum tillage from 
years 1 through 50 for all states, except for the state of conventional 
tillage machines with one year of remaining life. This latter state uses 
a conventional tillage corn - oats - hay rotation for years 1 through 8 
and then switches to continuous minimum tillage corn. The rotation for 
the minimum tillage machine states is that of corn - oats - hay for the 
first 2 years and then switches to continuous corn. The penalty function 
is calculated the same as in the linear programming model. A discount 
rate of 0.5 percent is used to determine the capitalized value of the 
eroded soil. The penalty value is higher than in the base case where the 
discount rate is 3 percent. The computed value of soil is Z.cO dollars 
per ton. The linear programming computed value is 1.86 dollars per ton. 
The situation of no discounting and no technology yield growth re­
sults in minimum tillage corn for all states except that of conventional 
machines with one year of remaining life. A conventional tillage corn -
oats - hay rotation is used. The rotation is stable over the time 
horizon. The value of soil is computed to be 1.25 dollars per ton. 
160 
The remaining situations examined are for alternative fields and 
soils. The fields and the soils used are those used in the linear pro­
gramming model. The optimum tillage practice for field 1 depends on the 
machine state. Machine states with conventional tillage machines use 
conventional tillage corn. Machine states with minimum tillage machines 
use minimum tillage corn. The initial machinery complement on the farm 
will be a major determinant of the tillage practice. The value of soil is 
20 cents per ton, it is 23 cents in the linear programming model. 
Field 2 is very similar to field I. The tillage practice depends 
on the machine state. Conventional tillage is used if conventional 
machines are in the state. Minimum tillage is used if minimum tillage 
machines are in the state. The rotation across all states is continuous 
corn. Soil has a value of 8 cents per ton, lower than the 12 cents in 
the linear programming model. 
Field 4 is the most erosive field of the four in the model. The 
optimum production practice is minimum tillage corn, except in the state 
with conventional tillage machines with one year of remaining life. 
Conventional tillage corn - oats - hay will be the optimum production 
practice when the state is that of conventional tillage machines with one 
year of remaining life. There is a change from minimum tillage to 
conventional corn - oats - hay near the end of the time horizon, but 
only for the states with conventional machines. The value of soil is 
48 cents per ton, compared with 51 cents in the linear programming model. 
The four soils in the model are analyzed by soil. Soil 1 produces 
continuous corn. The tillage practice depends on the machine state. 
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Machine states with minimum tillage machines use minimum tillage. Machine 
states with conventional tillage use conventional tillage, except when 
new tillage machines are purchased to replace worn-out machines. Minimum 
tillage machines are purchased when worn-out machines are replaced. 
The value of soil is 90 cents per ton, less than the 1.52 dollars per 
ton in the linear programming model. 
Soil 2 produced corn, oats, and hay in the first 30 years of the 
time horizon, switching to continuous corn in the last 20 years. The 
tillage practice depends on the machine state. Minimum tillage machine 
states use minimum tillage. Conventional tillage machines states use 
conventional tillage, except when worn-out machines are replaced. Minimum 
tillage machines are purchased to replace worn-out conventional tillage 
machines. The high hay yield relative to corn on this soil makes the 
corn - oats - hay rotation profitable in the early years of the time 
horizon. Corn yields grow faster than hay yields and as a result, corn 
is more profitable to grow in the latter years of the time horizon. 
Soil has a value of 3 cents per ton, compared with 2 cents in the linear 
programming model. 
Soil 3 results are similar to some of the previous results. Contin­
uous corn is produced. The tillage practice depends on the machine state. 
The machine states with minimum tillage machines use minimum tillage. 
The machine states with conventional tillage machines use conventional 
tillage, except if the worn-out conventional tillage machines are 
replaced. Minimum tillage machines are purchased when worn-out 
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conventional tillage machines are replaced. The value of soil is 11 
cents per ton, nearly half the value in the linear programming model. 
Soil 4 produces corn - oats - hay for all states. Minimum tillage 
is used in all states, except the state with conventional tillage machines 
with one year of remaining life. Conventional tillage is used in this 
state. The rotation switches to continuous corn in year 5, but only 
for the states with minimum tillage. The rotation switch is primarily 
due to the yield of corn increasing at a faster rate than oats and hay. 
The value of soil is 96 cents per ton, compared with 81 cents per ton 
in the linear programming model. 
Summary 
The machine state of the system is very important in determining 
the optimum tillage practice for the year. The most frequent result 
indicates the tillage practice will correspond with the machine state. 
Furthermore, if machines are replaced because they are worn-out, then 
minimum tillage machines should be purchased and minimum tillage 
practiced. The optimum rotation, of the two used in the model, is 
continuous corn for most fields and soils. There nuill be some switching 
to practices that conserve less soil when near the end of the time 
horizon. This could indicate the penalty function value is low. The 
discounting in the model will reduce the present value of the penalty, 
which lessens the cost of soil erosion. 
A shift to minimum tillage could be expected as the conventional 
machinery on farms becomes worn-out. Machines will not be replaced early 
to switch to minimum tillage, but a switch to minimum tillage will occur 
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as the tillage machines need replacing. Minimum tillage could be 
encouraged through programs that would reduce the cost of replacing 
machines with minimum tillage machines. Replacement might then occur 
prior to wearing the machine out. 
The stochastic component of model had very little effect on the 
solutions. The rotation and tillage practice within a year did not change 
as the soil loss state increased. The tillage and rotation for a year 
does not depend on the cumulative soil erosion. The results of this 
model could have been attained with a deterministic model. The stochastic 
effects of the model could have some effects if utility is being measured, 
rather than income or wealth. 
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CHAPTER VI. SUMMARY AND CONCLUSIONS 
The Problem 
Sheet and rill soil erosion on farms in the United States might be 
higher than an optimal economic rate. Soil erosion on many soils exceeds 
the soil tolerance T-value, which is the maximum level of soil erosion at 
which productivity would be maintained. Soil erosion exceeding the toler­
ance level could be an indication that it is economical to erode soil at 
a higher rate and deplete the soil. A second possible explanation for the 
high soil erosion is that of market failure. The producer does not incur, 
or recognize, all of the costs associated with soil erosion. A third 
cause could be the adjustment costs from one production practice, a non-
conserving practice, to another practice, a soil conserving practice, 
could result in a temporary disequilibrium in which soil erosion is higher 
than the economic optimum. Finally, because the T-value is not an eco­
nomic value, it could be very different from the economic rate of soil 
erosion. 
This study explores the effects that determine the level of soil con­
servation on a farm. The economic optimum level of soil erosion is deter­
mined through the optimal production practices. Constraints on the firm 
will impact on the production practices and some of these are explored. 
Financial, machinery, and land assets as well as the productivity impacts 
from soil erosion on future production are the major constraints on the 
farm. 
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The specific objectives of this study are to evaluate soil 
conservation and erosion decisions in a farm-level dynamic framework, 
taking into account constraints on production. The dynamic model is 
required to properly account for the productivity impacts of soil erosion. 
The second objective is to evaluate the impact of stochastic soil erosion 
on the optimal decision strategy of the decision maker. The erosion 
path over time when soil erosion is stochastic will be different from 
the average. This could result in different production practices. The 
stochastic modelling can either maximize a measure of expected wealth, 
or maximize expected utility of final wealth. The two approaches are 
the same if utility is a function of wealth and the individual is risk 
neutral. The third objective is to compare the deterministic and 
stochastic modelling approaches. 
The first objective was satisfied with the construction and use 
of a polyperiod linear programming model. The model was of a repre­
sentative farm model. The farm has a number of different soils, which 
are cultivated by field. The model contains production practices that 
are soil conserving, such as minimum tillage and terracing. The sto­
chastic erosion is modelled with a stochastic dynamic programming model. 
The state variables in the model are soil eroded, the type of tillage 
machine, and the age of the tillage machine. The decisions include the 
rotation, the tillage practice, and the replacement of the tillage 
machines. 
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Theory 
Dynamic models of the firm and the allocation of resources over 
time are the major theoretical components used in modelling this problem. 
A dynamic framework is required by both models. The machinery and 
financial constraints in the model are based on van Loon's (1983) dynamic 
firm model specification. Tillage machines are purchased and depreciated 
through use. Soil is a productive asset that can be exhausted over time. 
Debt can be incurred and must be repaid, plus interest. The firm 
maximizes a discounted monetary return. 
The problem in this study can be focused down to that of how much 
of the soil resource such be used now (soil erosion) and how much of 
the soil resource should be saved for future periods. Use of soil through 
soil erosion in the present time period will impose additional production 
costs on the future time periods. Higher present returns are balanced 
against lower future returns such that the net present value of the income 
stream to the producer is maximized. Society and producers may have 
different payoffs, which will result in different society and producer 
levels of soil use. 
The optimal use of the resource will require that the marginal value 
product of the factor, soil in this model, equals the marginal factor 
cost of production plus the marginal user cost of the resource. The 
user cost is the measure of costs imposed on the future from using the 
resource in the present period. The optimal stock of the resource will 
require that the marginal returns from an additional unit of the resource, 
plus the indirect marginal contribution, will equal the opportunity cost 
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of the resource, plus the indirect contribution of another unit of the 
resource, less the change in the price of the resource. The stock 
condition can be considered as the marginal returns from investing in 
the resource equalling the marginal factor cost of holding the resource. 
Uncertainty in the soil erosion path over time will result in 
uncertain returns. The soil erosion state that will exist at the end 
of the period is not known at the start of the period. The producer 
knows, at best, the probabilities associated with the future soil erosion 
states. A Markov process can be used to simplify this probabilistic 
dynamic programming problem. The probabilities of future states of the 
soil erosion level are independent of the erosion path to the current 
soil erosion state. A model of this formulation can be used to maximize 
profits over time, or the expected utility of final wealth. 
The Linear Programming Model 
The linear programming model provided insight into the problem of 
soil conservation and erosion and into modelling the problem. The re­
sults indicate that some level of conservation should be practiced on 
most fields in Northeastern Iowa. The greater the productivity impact 
from soil erosion, the greater should be the conservation of soil. Fields 
containing soils that are not very erosive, or that have a low impact 
from soil erosion, will use little or no conservation practices. The 
overriding factor determining the conservation decision is the impact 
of erosion on productivity. 
Minimum tillage is the preferred conservation practice either by 
itself or in combination with other conservation practices. Rotational 
168 
changes to oats and hay and terracing can be used, in addition to minimum 
tillage, on soils that have high erosion and a high productivity impact 
from erosion. Terracing is the most costly conservation practice to 
implement and is done only when the costs associated with soil erosion 
are very high. High erosion impacts and a high tax rate on sediment 
are two situations in which terracing is profitable. The investment 
and maintenance costs of terraces in these two situations are less than 
the costs of the erosion that would be incurred without the terraces. 
There are factors other than the erosion productivity Impact that 
will influence the conservation decision. A tax on sediment will result 
in greater soil conservation. A tax rate of five dollars per ton will 
result in terrace installation to reduce soil erosion and sediment. 
A lower tax level will result in rotation changes to the production of 
less erosive crops. The tax rates at which terracing occurs, rotations 
switch, and minimum tillage is used, are specific to the fields in this 
study. The cost of reducing sediment does increase at an increasing 
rate. Sediment can be reduced approximately 20 percent with a tax of 
one dollar per ton. A reduction of 50 percent requires a tax of five 
dollars per ton. A 50 percent reduction in sediment Is approaching the 
maximum reduction possible in the model without completely eliminating 
cultivation. Additional reductions in sediment above the 50 percent 
level would be more expensive. 
Technology Increases in yields will encourage the conservation of 
soil, holding prices and the rotation constant, and factoring out the 
Impact of the discount rate. Technology increases the yield potential 
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in the future, which will increase the cost of soil erosion. The soil 
erosion impact is a percentage decline in the yield. Therefore, a higher 
yield will result in a higher absolute impact from soil erosion. 
There are cases though where increased technology can result in 
higher soil erosion over the length of the time horizon. This can occur 
when the rate of yield increase is higher for the erosive crops than 
for the nonerosive crops. The erosive crops become relatively more 
profitable and if grown, soil erosion will be higher. Soil conservation 
could be encouraged through technology yield increases in the nonerosive 
crops that exceed those for the erosive crops. Relative yield increases 
in the nonerosive crops would make their production more profitable over 
time and soil erosion would be less when they are grown. 
The price of commodities will have very little impact on soil ero­
sion from a given parcel of land. The value of production does not 
encourage, or discourage, the conservation of soil. Absolute commodity 
price changes will not affect the production of row crops relative to 
hay, nor does it impact on the tillage practice. The row crops produced 
may change, but since soil erosion for soybeans and corn is very similar, 
the total erosion would change very little. The price change examines 
land presently in production. The possibility of erosive land coming 
into production (or out of production) is not considered in this study. 
Relative price changes of grains and hay may change the rotation 
to include more, or less, hay. An increase in the price of hay relative 
to grains would result in hay production on most fields. A switch in 
crops from grains to hay will reduce total soil erosion. The price switch 
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may not result in hay production over the entire time horizon. Corn 
and soybean yields are projected to grow at a higher rate than oats and 
hay. Row crops become more profitable over time as the result of this 
yield growth difference. Row crops will eventually replace the production 
of oats and hay. 
Models with a finite time horizon require a penalty at the end of 
the time period. The penalty accounts for the cost of the cumulative 
erosion on the years past the end of the time horizon. The absence of 
a penalty will result in high levels of soil erosion in the later periods. 
Soil erosion at the end of the time horizon would not have a cost in 
the absence of the penalty function. Production practices would be used 
in this situation that do not conserve soil even if soil had been 
conserved in earlier periods. The penalty function value has little 
impact on the early periods of the time horizon, given there are a 
sufficient number of years in the model. The model results do not change 
with small changes in the penalty function value. This could be an 
indication that while the penalty is important in the model, the actual 
value does have some room for discrepancies. A second possibility could 
be the model characteristics are such that the model is not sensitive 
to small changes in the value of the penalty. 
The initial allocation of machinery and the initial debt will have 
little impact on the overall solution, but is important in the first 
years of the model. Machine use in the first few periods of the model 
corresponds with the machines in the initial allocation. When the 
machines are replaced, the tillage practices return to a pattern 
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consistent with the other solutions in the model. The machines on the 
farm are very important in determining the tillage practice. Adjustment 
costs are not cost-less. This model recognizes the adjustment costs 
of changing tillage systems. 
The replacement of tillage machines, and the tillage practices used 
in production when machines purchases must be integer, are different 
from the noninteger solutions. Machine purchases will be such that the 
farm will own only one type of tillage equipment. The integer solutions 
resulted in minimum tillage equipment purchased over most of the time 
horizon. There were some conventional tillage machines purchased in 
the last period, but many machines are purchased in this period because 
It contains 50 years of production. Minimum tillage Is used in all fields 
when the farm Is required to purchase whole machines. Minimum tillage 
on the fields with low erosion Impacts, and the fields with low soil 
erosion, reduces returns less than the reduction in returns from owning 
conventional tillage machines for these fields and minimum tillage 
machines for fields 3 and 4. 
The level of farm debt can effect the tillage practice. Increasing 
debt did alter the solution to produce with conventional tillage machines 
in order to Increase cash flow and lessen debt through the use of conven­
tional tillage machines in inventory, rather than purchase minimum tillage 
machines. This effect is obtained only when the purchases of tillage 
machines are integer. Debt in the 450 to 500 thousand dollar range is 
required to force the model to conventional tillage. Debt less than 
450 thousand will result in minimum tillage machines purchased, and above 
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500 production is infeasible. The financial structure of the farm can 
have an impact on the tillage practice used, and the level of soil 
conservation. This result has direct implications about the adoption 
of minimum tillage* given the present farm debt situation. This result 
implies that producers are unlikely to convert from conventional to 
minimum tillage until their debt situation improves. Firms have a short 
run survival strategy, not long run maximization of returns. 
The modelling insights obtained from this study are the field versus 
soil modelling and the necessity of a dynamic model. The dynamic model 
is necessary to properly take account of the costs imposed on the future 
from eroding the soil in the present. The absence of a dynamic model 
would produce results that would suggest there are no costs imposed on 
the future, so produce to maximize the returns period by period. This 
form of modelling would result in conventional tillage on all fields 
and indicate higher soil erosion. 
The field versus soil modelling issue needs further examination. 
This study does indicate there can be very different model results from 
the two approaches. The difference appears to be of less importance 
when the soils in the field are similar in depth, erosion impact, and 
erosion. When these characteristics are different across the soils in 
the field, soil and field analysis can produce very different results. 
Policy modelling by soils because of data availability and model 
simplification may incorrectly predict producer response to various 
policies. The magnitude of this effect would be very useful in policy 
analysis work to modify the soils analysis result. 
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The productivity impacts from soil erosion are critical to the re­
sults of any study of soil conservation. The impacts estimated from 
the EPIC model differ from those used in soil survey publications. Which 
is more accurate can be debated, but there appears to be a need for 
additional research into this area. The EPIC model impacts, even though 
they are much less than the soil survey impacts, are high enough that 
conserving soil by the use of minimum tillage is profitable. Productivity 
impacts can not be ignored. They are important even though they appear 
small. 
Dynamic Programming Model 
The dynamic programming model results indicate that the tillage 
machine state is important in determining the optimal tillage practice, 
in addition to the erosion productivity. Conventional tillage is used 
if the state contains conventional tillage machines. Minimum tillage 
is used when the state contains minimum tillage machines. Conventional 
tillage machines are replaced by minimum tillage machines when they are 
worn-out. The optimal path over time will eventually result in minimum 
tillage because replacement is with minimum tillage machines. Minimum 
tillage will produce higher returns in the long run, but if the farm 
has conventional tillage machines then it might continue to use them 
until they are worn-out. The additional returns from switching to minimum 
tillage are less than the cost of trading conventional machines with 
remaining life for minimum tillage machines. 
Fields and soils with a high erosion productivity impact will switch 
to minimum tillage sooner than those with low erosion impacts. 
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Conventional tillage machines will be used if they have just one year of 
life remaining. The remaining life length at which conventional tillage 
machines are replaced increases as the erosion productivity impact de­
creases. When the erosion productivity is high, conventional tillage 
machines will be replaced at all ages except one year of remaining life. 
When the erosion productivity impact is low, conventional tillage machines 
will be replaced only when the machine is worn-out. 
The stochastic aspect of the model had very little effect on the 
model. The production decision is the same across all soil erosion states 
within a machinery and machine age state. The erosion path that could 
result from the stochastic model will have the same production decisions 
as a deterministic model with average levels of soil erosion. The 
stochastic soil erosion adds very little to the analysis, when financial 
returns are maximized. 
The dynamic programming model is not able to consider the-detailed 
production relationships that are in the linear programming model. This 
model does consider machinery age, which can be important in the decision 
of whether to trade machines for ones capable of a different tillage 
practice. The value of a machine declines over its useful life and the 
largest decline is in the first year. This cost can not be recovered 
if the machine is traded. Keeping the machine longer facilitates 
spreading this cost out. The machines in the model are simplified to 
one composite machine for each tillage practice. The fact that all 
machines have different lives but are allowed only one length of life 
in this model could introduce some error into the replacement decision. 
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The trade-in value of the machines is constructed in an attempt to capture 
most of this effect. 
Model Comparisons 
The linear programming and the dynamic programming models are con­
structed from the same data base. The models have some comparability in 
results, but because of their different construction and purposes they 
will not produce completely comparable results. The linear programming 
model contains more production choices and is a more complete model of 
the farm firm. The dynamic programming model must be simplified to facil­
itate solving. The dynamic programming model does not contain the finan­
cial detail of the linear programming model. The dynamic programming 
model does have integer machine purchases, which can only be obtained 
by integer programming in the linear programming model. The dynamic 
programming model can contain yield relationships that are continuous, 
which the linear programming model cannot. 
The results from the dynamic programming model do not disagree with 
the results from the linear programming model. The soil shadow prices 
from the two models are close in most cases. Machinery replacement in 
the two models differs. The dynamic programming model is by field and 
soil, so the replacement decisions are specific to that soil. The linear 
programming model contains four soils and all soils enter into the 
machinery and tillage decision. 
The major advantage of the linear programming model is the detail 
that can be incorporated in the model. There are many choices of 
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conservation decisions. The financial and tax component of the model 
incorporates an additional dimension into the conservation decision. 
The financial structure of the farm can impact on the replacement of 
tillage machinery and, hence, the tillage practice. 
The major advantage of the dynamic programming model is the 
simplicity of the model, and the ability to model soil erosion impacts. 
Soil erosion impacts can be modelled much easier than in linear 
programming because functional relationships can be used. The impacts 
are incorporated into the decision process and do not require additional 
production activities, as in the linear programming model. The small 
size of the model though does require combining the tillage machines 
into one composite machine for each tillage type. The machine states 
are important in the model. The stochastic soil erosion does not add 
to the model, given the objective function used. 
Future Research 
There is always room to improve the quality of data that goes into 
a model, and these models are no exceptions. The erosion impacts, 
machinery costs, cropping activities, sediment delivery, soil erosion 
distributions, and erosion probabilities are some of the data sources 
that could be improved. New research in the soil erosion area could 
yield data that are different from that used in the model. 
The linear programming model could have some additional production 
constraints added. Labor requirements in different periods could impact 
on the tillage practice. The field and soil modelling issue should be 
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pursued further. The issue of splitting fields to better match the soil 
characteristics and the costs of doing so would be useful information. 
The stochastic dynamic programming model could be used to examine 
risk aversion on the optimal production decision. The objective function 
used in this analysis did not consider the risk preference of the 
individual. The stochastic component of the model might be important 
when risk is included in the model. 
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APPENDIX A: THE USE OF EPIC 
The productivity impacts from soil erosion are estimated with a 
daily biological plant growth model referred to as the Erosion Produc­
tivity Impact Calculator (EPIC) (Williams, Dyke, and Fuchs, 1983). The 
EPIC model requires five input data files. The crop data file contains 
crop coefficients required to determine crop growth and yields. The 
tillage data file contains data on tillage equipment including the resi­
due mixing and field roughness which are factors in determining soil 
erosion. The soil file contains soils data such as bulk density, nitrate 
nitrogen, phosphorous, and soil depth by soil layer. The weather file 
contains temperature, precipitation, and solar radiation data by month 
and is used in generating the daily weather. The control file specifies 
characteristics of the model run including the number of years, the slope 
and slope length, the tillage machines used in the rotation, and other 
pertinent data. A description of the data and requirements are in 
Williams, Dyke, and Fuchs (1983) so will not be covered here. 
The output from the EPIC model of interest in this study includes 
the soil erosion, fertilizer, and yield variables. Two soil erosion 
measures are the Universal Soil Loss Equation (USLE) and the Onstad-
Foster (AOF). The AOF measure of soil erosion is used because it is 
weather event specific and is used in the EPIC model to adjust the soil 
depth due to soil erosion. A measure of sediment from the EPIC model 
is the Modified Universal Soil Loss Equation (MUSLE), which is used in 
the study as the sediment from soil erosion. The model calculates 
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nitrogen and phosphorous requirements for the plants. The quantity 
required depends on many variables but the one of interest in this study 
is that of cumulative soil erosion. Finally, the model produces the 
crop yield. All of these variables are generated for each year of the 
model run. 
The weather in the EPIC model is stochastically generated for each 
day. Therefore, it is necessary to separate stochastic effects from 
productivity effects. The method of separating these two effects was 
done by running the model for 100 years under two situations with 
conventional tillage. The additional run set the P-factor to zero in 
order to prevent soil erosion. The model was then run again with the 
same weather data but this time with a nonzero P-factor. Differences 
in yields and fertilizer are then taken and matched with soil erosion 
and the cumulative soil erosion. The next step is to regress yields 
and fertilizer requirements against cumulative soil erosion, without 
an intercept term in the equation. The regression coefficients were 
then converted to percentage values. Running the model for the eroding 
and the noneroding situations to obtain the yield impacts removed much 
of the yield and fertilizer variation resulting from the stochastic 
weather in the model. 
Fertilizer requirements in the model closely match those reported 
by Voss (1985) when the crop rotation was a continuous crop. The require­
ments were questionable when a rotation was used that contained a legume 
crop. For example, a corn - soybean rotation required higher nitrogen 
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was required on the soybeans. The fertilizer requirements by Voss (1985) 
are used rather than those from the EPIC model. 
The estimation of the productivity impact on corn for a Fayette 
soil will be described to illustrate the derivation. The derivation 
of every coefficient will not be described since the impact values are 
reported in Table 3.1. The model is run for three cases. The first 
is with no soil erosion, which is used to take out the random weather 
impacts. The second is with conventional tillage and soil erosion is 
allowed. This run is used with the first run to estimate the erosion 
impacts. The final run is for minimum tillage and is done to estimate 
soil erosion and sediment. 
The estimated impacts are obtained from regressing the changes in 
yield, nitrogen fertilizer, and phosphorous fertilizer against the cumu­
lative soil eroded. The impacts are then converted to a percentage im­
pact. The estimated impact for the corn yield is minus .00038526 bushels 
per ton of eroded soil. The average corn yield in the EPIC model is 
149 bushels per acre. The yield impact for corn on a Fayette soil Is 
minus .0002586 percent per ton of soil eroded. The impact on nitrogen 
fertilizer is .00302 pounds per ton of eroded soil. The model applied 
an average of 145 pounds of nitrogen per acre. The nitrogen erosion 
impact is .0021 percent per ton of soil eroded. The phosphorous impact 
is .001556 pounds per ton and with 14.5 pounds of phosphorous applied 
this results in an impact of .011 percent per ton of soil eroded. 
The input to run the EPIC model is in Table A.l. The first three 
lines are title lines. The fourth through sixth lines are data control 
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information. The seventh line contains the slope length, slope, and 
P-factor. Lines 8 through 32 are weather data. Lines 34 to the end 
are machinery data on which machine is used and when. Table A.2 contains 
the Fayette soil data. 
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Table A.l. Input data for the EPIC model 
DISSERTATION MODEL EROSION IMPACT ESTIMATION 
163 FAYETTE P-FACTOR 0.0 
100 YEAR CORN 
1001985 1 1 1 1 7 0 2 3 0 0 0 1 0 
1.000 78. 000 .100 .120 050 .100 .800 43. 200 1.700 
9.520 
.000 000 .500 .800 80. .000 .000 3.000 
60.000 110 0.000 
45.700 83! 800 8.000 
-3.05 -1.00 5.78 14.95 21.92 26.88 28.95 27.88 23.37 17.26 7.74 1.00 
-13.44-10.62 -4.35 3.56 10.05 15.32 17.67 16.62 11.63 5.76 -1.71 -8.75 
6.72 5.87 6.14 6.31 5.24 3.82 3.00 3.12 4.51 5.68 6.42 5.95 
7.90 7.40 6.07 4.95 4.63 3.73 3.20 3.38 4.58 5.17 5.70 6.83 
22.9 25.6 50.8 82.4 92.7 109.7 117.9 94.2 69.8 55.6 42.2 31.4 
8.4 8.2 9.9 10.9 13.4 14.1 15.1 14.3 15.1 12.1 12.2 7.7 
0.92 0.92 1.12 1.23 1.24 1.26 1.02 1.05 0.93 1.03 0.85 0.90 
.224 .193 .268 .300 .300 .290 .286 .245 .242 .189 .172 .229 
.383 .404 .455 .438 .478 .476 .373 .396 .446 .425 .404 .422 
6.97 5.90 8.76 10.62 10.69 10.62 9.50 9.33 8.07 7.43 7.03 6.90 
2.3 4.8 6.6 17.8 44.4 51.8 29.2 25.7 48.8 11.7 10.9 7.4 
174. 253. 326. 403. 480. 541. 436. 460. 367. 274. 187. 143. 
.000 ,000 .000 
2 4 5* 6 7 11 14 
3 
1 3 
4 30 14 
5 2 2 
5 5 6 
5 8 4 
5 25 5 
6 20 5 
10 5 7 
11 10 11 
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Table A.2. Fayette soil data in the EPIC input 
.110 3 .000 
.01 .15 .31 .58 .66 .74 .84 .91 1.31 
1.71 
1.30 1.30 1.35 1.40 1.40 1.45 1.45 1.45 1.45 
1.45 
.116 .116 .098 .176 .196 .196 .192 .196 .192 
.192 
.245 .245 .220 .323 .338 .336 .332 .336 .332 
.332 
7.6 7.6 7.9 5.8 10.2 11.2 12.1 11.9 11.0 
11.0 
80.0 80.0 80.0 69.0 60.4 58.8 58.7 57.8 59.7 
59.7 
1465. 1465. 350. 170. 230. 230. 170. 60. 
60. 60. 
5.4 5.4 5.0 4.8 5.0 5.0 5.1 5.1 
5.1 5.1 
5.0 5.0 3.2 8.4 13.1 14.7 14.6 16.0 15.9 
15.9 
1.46 1.46 .35 .17 .23 .23 .17 .06 
.06 .06 
.0 .0 .0 .0 .0 .0 .0 .0 
.0 .0 
9.9 9.9 9.6 19.6 23.3 23,9 23.4 24.4 23.6 
23.6 
.0 .0 .0 .0 .0 .0 .0 .0 
.0 .0 
10. 10. 5. 5. 5. 5. 5. 5. 
5. 5. 
30. 30. 10. 10. 10. 10. 10. 10. 
10. 10. 
.034 .434 .445 .099 .011 .003 .001 .001 .001 
.001 
1.35 1.35 1.42 1.47 1.47 1.52 1.52 1.52 1.52 
1.52 
.00 .00 .00 .00 .00 .00 .00 .00 
.00 .00 
.00 .00 .00 .00 .00 .00 .00 .00 
.00 .00 
0. 0. 0. 0. 0. 0. 0. 0. 
0. 0. 
0. 0. 0. 0. 0. 0. 0. 0. 
0 .  0 .  
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APPENDIX B: MACHINERY COST CALCULATIONS AND 
HERBICIDE USE BY TILLAGE PRACTICE 
The tables in Appendix B contain machinery use and cost information 
as well as herbicide use and cost. The Erosion Productivity Impact Cal­
culator (EPIC) model requires machine use to be specified by month and 
day to determine the crop residue on the soil surface. Tables B.l 
through B.7 contain the machine use information for EPIC. The tables 
are by the crop grown in the present year and the crop grown in the pre­
vious year. Tillage for corn following soybeans will be different from 
corn following corn so machine use must be specified by tillage sequence. 
The tables contain four columns of information. The first column is 
the machine operation. The second column is the date of the machine 
operation, month and day. The third and fourth columns contain the num­
ber of times over the field and the percent of crop residue turned under 
by the machine operation for both conventional and minimum tillage. 
For example, in Table B.l chiseling is done on November 10 for conven­
tional tillage only. Chiseling will turn under .40 (40 percent) of the 
crop residue. A minimum till planter is used May 8 for minimum tillage 
and turns under .15 (15 percent) of the residue. 
Table B.8 contains the machine cost information used to calculate 
machine costs. The machine prices for the self-propelled equipment and 
the round baler are for the unit. The prices for the remaining machines 
are per foot. Variable and fixed costs per hour and per acre are then 
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calculated based on performance measures for machines (Edwards and Ozkan, 
1985 and Kletke, 1979). 
Table B.9 contains the machine sizes, power requirements for the 
tillage operation, and the variable and fixed costs of the tillage 
operation. The hours per acre used in the model are in the table. The 
cost includes the power unit as well as the tillage machine. The costs 
are per acre except for the round baler which reports the costs per ton. 
Tables B.IO through B.16 contain the machine costs for the crop 
sequences for the rotations in the model. The machines common to both 
tillage practices and the power units for the tillage machines are 
grouped into variable and fixed costs for conventional and minimum till­
age. The tillage machine costs for machines specific to conventional 
and minimum tillage are broken out by the individual machines. The costs 
in these tables can be derived from the data in the previous tables. 
To calculate the costs in Table 8.10 requires the use of Tables B.l, 
8.8, and 8.9. An example for the conventional costs will be gone over. 
The variable cost includes the combine (11.85) plus the tractor for chis­
elling (7.39X.206) plus anhydrous machine (.52) and tractor (7.39X.171) 
plus the tractor for the disk (7.39X.164) plus the tractor for the field 
cultivator (7.39X.115) plus the tractor for the planter (5.23X.228) plus 
the tractor for the row cultivator (2X5.23X.269) plus grain hauling 
(2.50). The total of the variable costs is 23.71, the value reported 
in Table 8.10. A similar calculation is required for the fixed costs 
and for the minimum tillage system. The costs reported for the different 
machines in Table 8.10 are directly from Table 8.8. 
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Table B.17 contains the herbicide and insecticide use by crop se­
quence and the costs of the chemicals. The herbicide use is specified 
by tillage practice. Minimum tillage requires more herbicides than con­
ventional tillage. The prices per unit are reported in Table B.18. 
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Table B.l. Machine use, dates, and residue mixing for 
corn following corn 
Field operation Date Conventional Minimum 
Shredder ÏÎ7ÏÔ l(.OO) 
Chisel 11/10 1(.40) 
Anhydrous 4/30 1(.15) 1(.15) 
Tandem disk 5/2 1(.40) 
Cultivator 5/5 1(.35) 
Planter (conv.) 5/8 1(.05) 
Planter (min.) 5/8 1(.15) 
Sprayer 5/10 
Rolling cult. 6/20 
Row cultivator 5/25 1(.40) 
Row cultivator 6/20 1(.40) 
Combine 10/5 l(.OO) l(.OO) 
Haul grain 10/5 l(.OO) l(.OO) 
l(.OO) 
1(.40) 
Table B.2. Machine use, dates, and residue mixing for 
corn following soybeans 
Field operation Date Conventional Minimum 
Chisel 4/25 1(.40) 
Anhydrous 4/30 11.15) 1(.15) 
Cultivator 5/4 1(.40) 
Planter (conv.) 5/8 1(.05) 
Planter (min.) 5/8 1(.15) 
Row cultivator 5/25 1(.40) 
Sprayer 6/2 l(.OO) l(.OO) 
Rolling cult. 6/20 1(.40) 
Row cultivator 6/20 1(.40) 
Combine 10/5 l(.OO) l(.OO) 
Haul grain 10/5 l(.OO) l(.OO) 
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Table B.3. Machine use, dates, and residue mixing for 
soybeans following corn 
Field operation Date Conventional Minimum 
Shredder 11/10 l(.OO) 
Chisel 11/10 1(.40) 
Tandem disk 5/13 1(.40) 
Planter (conv.) 5/18 1(.05) 
Planter (min.) 5/18 1(.15) 
Sprayer 5/21 l(.OO) 
Rotary hoe 6/15 i ( . i o )  i ( . i o )  
Row cultivator 6/30 1(.40) 
Combine 10/2 l(.OO) l(.OO) 
Haul grain 10/2 l(.OO) l(.OO) 
Table B.4. Machine use, dates. and residue mixing for 
oats following corn 
Field operation Date Conventional Minimum 
Shredder 11/10 l(.OO) 
Tandem disk 11/5 1(.40) 
Tandem disk 4/12 1(.40) 
Grain drill(conv.) 4/15 i ( . i o )  
Sprayer 4/11 l(.OO) 
Grain drill(min.) 4/15 I(.IO) 
Broadcast alfalfa 4/15 l(.OO) l(.OO) 
Combine 7/20 l(.OO) l(.OO) 
Haul grain 7/20 l(.OO) l(.OO) 
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Table B.5. Machine use, dates, and residue mixing for 
corn following hay 
Field operation Date Conventional Minimum 
Moldboard plow 10/25 1(.90) 
Anhydrous 4/28 1(.15) 1(.15) 
Tandem disk 5/2 1(.40) 
Sprayer 5/3 
1(.35) 
l(.OO) 
Cultivator 5/5 
Planter (conv.) 5/8 1(.05) 
Planter (min.) 5/8 1(.05) 
Row cultivator 5/25 1(.40) 
Row cultivator 6/20 1(.40) 
Rolling cult. 6/20 1(.40) 
Combine 10/5 l(.OO) l(.OO) 
Haul grain 10/5 l(.OO) l(.OO) 
Table 8.6. Machine use, dates. and residue mixing for 
oats following hay • 
Field operation Date Conventional Minimum 
Moldboard plow 10/25 1(.90) 
Sprayer 4/12 l(.OO) 
Tandem disk 4/12 1(.40) 
Grain drill(conv.) 4/15 1(.15) 
Grain drill(min.) 4/15 1(.15) 
Broadcast alfalfa 4/15 l(.OO) l(.OO) 
Combine 7/20 l(.OO) l(.OO) 
Haul grain 7/20 l(.OO) l(.OO) 
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Table B.7. Machine use, dates, and residue mixing for hay 
Field operation Date Conventional Minimum 
Hay conditioner 6/15 1{ .00) 1( .00) 
Round baler 6/19 K .00) 1( .00) 
Haul bales 6/19 K .00) 1( .00) 
Hay conditioner 7/14 1{ .00) 1( .00) 
Round baler 7/18 K .00) 1( .00) 
Haul bales 7/18 K .00) 1( .00) 
Hay conditioner 8/20 1{ .00) 1( .00) 
Round baler 8/24 K .00) 1( .00) 
Haul bales 8/24 1( .00) 1( .00) 
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Table B.8. Machine prices and costs per hour and acre 
Machine Price Salvage Var/hr Var/ac Fix/hr Fix/ac 
Tractor 40hp 12225 1569 3.04 2.53 
70hp 20045 5012 5.23 3.20 
lOOhp 27545 6887 7.39 4.78 
135hp 42035 10509 10.30 6.71 
205hp 71750 17938 16.16 11.46 
Truck - 2T 21170 1592 8.50 8.06 
Combine-corn 60085 8877 11.85 14.50 
-beans 60085 8877 8.00 11.20 
-grain 60085 8877 7.50 10.50 
Round baler 9970 1289 2.60 .68 8.89 2.34 
Moldboard plow 530 73 .23 .52 .47 1.07 
Field cultiv. 198 27 .12 .25 .18 .36 
Planter(conv. ) 580 80 .31 .85 1.02 2.80 
Row cultivator 178 25 .11 .36 .16 .51 
Chisel 198 27 .12 .25 .18 .36 
Tandem disk 340 47 .11 .24 .30 .69 
Drill (conv.) 495 88 .21 .58 .97 2.67 
Planter (min. ) 685 95 .36 .98 1.21 3.31 
Rolling cult. 210 29 .10 .33 .19 .60 
Shredder 8+ 420 22 .15 .35 .55 1.27 
Drill (min.) 870 154 .33 .90 1.71 4.70 
Anhydrous 149 21 .17 .52 .26 .81 
Sprayer 114 16 .13 .27 .20 .43 
Rotary hoe 173 3 .11 .16 .22 .33 
Hay conditioner 740 131 .42 .72 .73 1.25 
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Table B.9. Machine size, power sources, and costs 
Machine Size(ft) Hour/ac Tractor Variable Fixed 
Moldboard plow 5.8 .395 100 2.92 1.89 
Field cultivator 18 .115 100 .85 .55 
Planter (conv.) 12 .228 70 1.19 .73 
Row cultivator 12 .269 70 1.40 .86 
Chisel 10 .206 100 1.53 .99 
Tandem disk 14 .164 100 1.21 .78 
Drill (conv.) 10 .275 70 1.44 .88 
Planter (min.) 12 .228 70 1.19 .73 
Rolling cultivator 12 .269 70 1.40 .86 
Shredder 8+ 8 .286 70 1.50 .92 
Drill (min.) 8 .344 70 1.80 1.10 
Anhydrous appl. 18 .171 100 1.26 .82 
Sprayer 24 .088 70 .46 .28 
Rotary hoe 12 .122 70 .64 .39 
Hay conditioner 8 .215 70 1.12 .69 
Round baler(ton/hr) 3.8 100 1.95 1.26 
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Table B.IO. Machine costs for corn following corn 
Variable Fixed Total 
Common and power - conventional 23.71 20.90 44.61 
- minimum 20.95 19.35 40.30 
Different • - conv.  - chisel .25 .36 .61 
- Tandem disk .24 .69 .93 
- cultivator .36 .51 .87 
- planter .85 2.80 3.65 
- row cultivator .36 .51 .87 
- row cultivator .36 .51 .87 
Totals 2.36 5.56 7.80 
- min. - shredder .35 1.27 1.62 
- planter .98 2.80 3.65 
- rolling cult. .33 .60 .93 
Totals . 1.66 4.67 6.20 
Table B.ll . Machine costs for corn following soybeans 
Variable Fixed Total 
Common and power - conventional 23.23 20.83 44.06 
- minimum 19.45 18.43 37.88 
Different - conv . - chisel .25 .36 .61 
- cultivator .25 .51 .87 
- planter .85 2.80 3.65 
- row cult. .36 .51 .87 
- row cult. .36 .51 .87 
Totals 2.01 4.72 6.61 
- min. - planter .98 2.80 3.65 
- rolling cult. .33 .60 .93 
Totals 1.31 3.40 4.58 
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Table B.12. Machine costs for soybeans following corn 
Variable Fixed Total 
- mm. 
conventional 15, .13 15. .28 30. .41 
minimum 13, .22 14. .28 27. .50 
- chisel .25 .36 .61 
- disk .24 .69 .93 
- planter .85 2. 80 3! .65 
- row cultivator .36 .51 .87 
Totals 1 .67 4. 45 6! .06 
- shredder .35 1, .27 1, .62 
- planter (m) .98 3, .31 4. 29 
Totals 1 .33 4 .58 5. 91 
Table B.13. Machine costs for oats following corn 
Variable Fixed Total 
Different - conv. 
- mm. 
conventional 14. 11 12. .94 27 .05 
minimum 14. .28 13. .23 27 .51 
- disk .24 .69 .93 
- disk .24 .69 .93 
- drill .58 2! .67 3 .25 
Totals 1 .06 4, .05 5 .11 
- shredder .35 1, .27 1 .62 
- drill (m) .90 4, .70 5 .60 
Totals 1 .25 5, .97 7 .22 
204 
Table B.14. Machine costs for corn following hay 
Variable Fixed Total 
Common and power - conventional 25.10 21.80 46.90 
- minimum 19.45 18.43 37.88 
Different - conv. - plow .52 1.07 1.59 
- disk .24 .69 .93 
- cultivator .25 .36 .61 
- planter .85 2.80 3.65 
- row cultivator .36 .51 .87 
- row cultivator .36 .51 .87 
Totals 2.58 5.94 8.52 
- min. - planter (m) .98 3.31 4.29 
- rolling cultivator .33 .60 .93 
Totals 1.31 3.91 5.22 
Table B.15 . Machine costs for oats following hay 
Variable Fixed Total 
Common and power - conventional 15.82 14.05 29.87 
- minimum 12.78 12.31 25.09 
Different - conv. - plow .52 1.07 1.59 
- disk .24 .69 .93 
- drill .58 2.67 3.25 
Totals 1.34 4.43 5.77 
- min. - drill (m) .90 4.70 5.60 
Totals .90 4.70 5.60 
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Table B.16. Machine costs for hay 
Variable Fixed Total 
Common and power - conventional 23 .70 34. 20 57 .90 
- minimum 23 .70 34. 20 57 .90 
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Table B.17. Herbicides and insecticides by crop 
Costs 
Corn following corn 
Herbicide conv. preplant 
Lasso 2.5 qt. 4E + AAtrex 1.0 lbs 16.03 
Herbicide min. preemergence 
Lasso 2.5 qt. + AAtrex .8 lbs + 
Paraquat 1 pt. + spreader .2 pt. 24.02 
Insecticide counter 1 lb (active) 10.78 
Corn following soybeans 
Herbicide conv. preemergence 
Dual 2.25 pt. + Banvel 4L 1.0 pt. 22.69 
Herbicide min. preemergence 
Dual 2.25 pt. + Banvel 4L 1.0 pt. + 
Paraquat 1 pt. + spreader .2 pt. 30.69 
Insecticide none 
Soybeans following corn 
Herbicide conv. prepi ant 
Lasso 4E 2.75 qt. + Sencor .75 lb. 24.31 
Herbicide min. preemergence 
Lasso 4E 2.25 qt. + Sencor .75 lb. + 
Paraquat 1 pt. + spreader .1 pt. 28.98 
Insecticide none 
Corn following hay 
Herbicide conv. preplant 
Lasso 4E 2.5 qt. + AAtrex 1.0 lb. 16.03 
Herbicide min. preplant 
Lasso 4E 2.5 qt. + AAtrex 1.0 lb + 
Roundup Iqt. 37.64 
Insecticide counter .5 lb (active) 5.00 
Oats following hay 
Herbicide conv. none 
Herbicide min. preplant 
Roundup 1 qt. 21.61 
Insecticide none 
Hay following hay 
Herbicide conv. none 
Herbicide min. none 
Insecticide none 
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Table B.18. Herbicide and insecticide prices 
Chemical units price per unit 
Lasso (4E) quart 5. ,43 
AAtrex (80WP) pound 2. .46 
Paraquat (2CL) pint 6. .39 
Dual (8E) pint 7. .40 
Banvel pint 6. .07 
Sencor (50WP) pound 12. .50 
Roundup quart 21, .61 
Counter (active) pound 10. .78 
Spreader pint 10. .00 
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APPENDIX C: A SCHEMATIC OF THE 
LINEAR PROGRAMMING MODEL 
A schematic of the linear programming model is contained in Tables 
C.l through C.9. The diagram is for a three period model. Three periods 
are required to describe the model because the ending period differs 
from the rest of the periods due to resources not being transferred past 
the end of the time horizon, and the penalty function on soil erosion 
is in the last period. The actual coefficients in the model are not 
included in the diagram, nor are all of the actual activities. The rota­
tions and land categories are condensed down to a manageable level. 
The activity names are across the top of the tables and the row 
names down the side. The activity names start with the letter R. The 
following letter is X and designates the rotation, continuous corn, corn-
beans, corn-oats-hay, and oats-hay. The third letter is C for conven­
tional tillage, and M for minimum tillage. The fourth letter is H for 
the noneroded condition of the field and L for the eroded field. The 
fifth character is the field number, in this case there are 5 fields. 
The last character is the year. 
The P activity is terracing. The second character indicates the 
field to be terraced and the third character is the field produced from 
terracing. The last character is the year. 
The F activities are financial activities. The second letter is 
D for all activities. The third letter describes the type of financial 
instrument, or constraint. The letter S is for short term loans, I is 
209 
for intermediate term loans, L is for long term loans, and M is an 
activity created to constrain total debt. The fourth letter is a P for 
payment of debt, and B is borrowing to meet cash requirements in the 
short terra. 
The M activities are machine purchases and sale. The second letter 
is a B for buying a machine and S for selling a machine. The third let­
ter is C for conventional tillage machines and M for minimum tillage 
machines. The fourth letter, X, is for the different machines required 
for conventional and minimum tillage. The last character is the year. 
The C activity is personal consumption. The second letter is E 
and the final character is the year. 
The I activities are taxes, and are followed by the letter T. The 
third letter is an I for income tax and S for a tax on sediment. The 
fourth character applies only to the income tax activities and represents 
the three marginal tax categories in the model. The final character 
is the year. 
The T activities are the transfer activities. The second letter 
P indicates a terrace, S indicates eroded soil, M is machines, F is finan­
cial, and I is the depreciation pool. The third character is a 5 for 
the terrace transfer indicating the field transferred. It is the numbers 
1 trough 5 for soil loss, indicating the field. It is the letter C for 
machines to indicate conventional tillage and M to indicate minimum till­
age. The C for financial is cash, and for the depreciation pool I is 
for intermediate term assets such as machines, and L is for long term 
assets such as terraces. The fourth character for machine transfers 
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is the only relevant one and the X designates the tillage machine. The 
final character is the year. 
The last period contains E activities which are the penalties from 
soil erosion at the end of the time horizon. The second letter S indi­
cates soil. The third character indicates the field and is 1 through 
5. The final character is the year. 
The row names are down the side of the diagram. The first column 
of letters in the tables indicates the constraint type, L is a less than 
constraint, 6 is a greater than constraint, and N is an accounting row 
of the objective function. The objective function is the name OBJOOOOl. 
The L rows are land constraint rows. The second character is the field 
number. The third character is a 1 in a field 5 constraint and this 
row is used in the terrace transfer activity. The last character is 
the year. 
The M rows are tillage machine constraint rows. The second letter 
is an A and the third letter a C. The fourth letter is a C for conven­
tional machines and a M for minimum tillage machines. The X in the fifth 
position indicates the machine. The final character is the year. 
The F rows are financial rows and are followed by the letters I 
and N. The fourth and fifth letters are CH for cash, ST for short term 
debt, IT for intermediate term debt, LT for long term debt, and MX for 
a total debt constraint. The final character is the year. 
The S rows are soil rows. The second letter is L for soil loss 
from erosion and R for a constraint used to force in the less profitable 
eroded field. The third character is the field number, 1 through 5. 
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The fourth character is important only in the SR rows and indicates the 
erosion interval examined. Because this analysis uses linear yield im­
pacts it is only necessary to have two intervals, hence the letter B. 
If the erosion interval were divided into three sections there would 
be B and C rows. 
The D row is the sediment row. The C row is the personal expendi­
ture row. The I rows are for tax purposes. The second letter I indi­
cates the depreciation pool for intermediate term assets, L is the depre­
ciation pool for long term assets, and 0 is taxable income. The last 
character is the year, as it is in all other row categories. 
The linear programming matrix is fairly standard except for some 
of the transfers over the time periods. Three of these will be described 
in greater detail. Soil loss and soil loss transfers are required to 
determine the impacts of soil erosion on yields. The cropping activity 
supplies the soil loss row (SL_00001) with a quantity, -f, of soil loss 
for each acre. The soil loss is transferred into the next period by 
the transfer activity (T5_001). The soil loss row (SL_00002) is supplied 
with the erosion transferred in from the previous periods as well as 
from the cropping activities in the present period. The transfer also 
specifies the acres in the eroded category to force in the lower yielding 
eroded rotations (SR_B0002). If one-half of the soil thickness is 
eroded, then one-half of the acres in the field would be in this last 
constraint. The mechanisms for the transfer of soil into the third per­
iod will be the same as the transfers into the second period. The third 
period though can not transfer soil loss. Soil loss is used in the last 
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period by the penalty function activities (ES_003). The penalty function 
reduces the objective function value for each ton of cumulative soil 
eroded. 
The transfer of terraces requires the addition of an extra con­
straint row. Land 3 is used to produce land 5 but with the cropping 
activities using land 5 there would be no land remaining to transfer 
and the model would view terraces to exist for only one period. An extra 
constraint row is added to facilitate the transferring of terraced land 
into the next period. When land is terraced it uses land 3 and produces 
land 5 and in addition a land 5 constraint for terrace transfers 
(LSlOOOOl). The terrace transfer activity in year 1 (TP5001) uses the 
land in constraint LSlOOOOl to produce terraced land in period 2 
(L5000002) and the supply of land for transferring (L5100002). The pres-
enceeef terraces does not require the transfers to be made if they would 
not be profitable in the future. The is not a terrace transfer at the 
end of the time horizon. 
The final transfers to be described are Intermediate, long term, 
and maximum debt. When debt is paid the remaining principal is trans­
ferred into the next time period. The proportion of the debt transferred 
depends on the length of term of the debt. All debt must be paid in 
the final period. Maximum debt is transferred to the next period. The 
debt paid in the previous period is then removed from the maximum debt 
constrai nt. 
The machine transfers transfer the remaining life of the machine 
from one period to the next. The use and depreciation of the machine 
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are included in the coefficient for the cropping activity and as a result 
the transfer is a one-to-one without reducing the useful life of the 
machines. The remaining transfers and activities in the model have been 
used in other linear programming models so will not be described here. 
The coefficients values for the model are not included in this Appendix. 
Their values can be derived from the data reported throughout this study. 
Table C.l. The linear programming model, constraint year 1, activity year 1 
R R R R R R R R R R: R R P F F F F F M M M M C I I I T T T  T T T T T T T T I 
X X X X X X X X X X X X 3 D D D D D B B S S E T T T P S S  S S S M M F I I T 
C M C M C M C M C M C M 5 S I L I M C M C M 0 I I I 5 1 2  3 4 5 C M C I L S 
H H L L H H L L H H L L 0 P P P B X X X X X 0 1 2 3 0 0 0  0 0 0 X X 0 0 0 0 
1 1 1 1 2 2 2 2 5 5 5 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  0 0 0 0 0 0 0 0 0 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 
N OBJOOOOl CCCCCCCC CCC C-C-C-C-C 0 0-C-C C C-C-C-C-C OOOOOOOCCOO-C 
L  L l O O O O O l  1 1 1 1  
L  L 2 0 0 0 0 0 1  1 1 1 1  
L L3000001 1 
L L5000001 1 1 1 1-1 
L L5100001 -1 1 
L MACCXOOl a a a a a a -a a 1 
L MACMXOOl a a a a a a -a a 1 
L FINCH001~b-b~b~b~b~b-b~b ~b~l)-b~b-b b b b-b b b~b-b b b b b lb 
G FINSTOOl-d-d-d-d-d-d-d-d -d-d-d-d d 
G FINITOOl d -d -d-d 
G FINLTOOl -d d 
G FINMXOOl-e-e-e-e-e-e-e-e -e-e-e-e -e 1-e-e 
G SLlOOOOl-f-f-f-f 1 
G SL200001 -f-f-f-f 1 
G SL300001 1 
G SL500001 -f-f-f-f 1 
G SRIBOOOI 1 1 
G SR2B0001 1 1 
G SR3B0001 
G SR5B0001 1 1 
G 00000001-g-g-g-g-g-g-g-g '"g~g~g~g 1 
G COOOOOOl 1 
L I1000001 -k-k 1 
L ILOOOOOl -k 1 
G 10000001-h-h-h-h-h-h-h-h -h-h-h-h h h h h h h 111 -h -h 
Table C.2. The linear programming model, constraint year 1, activity year 2 
R R R R R R R R 
X X X X X X X X 
C M C M C M C M 
H H L L H H L L 
1 1 1 1 2 2 2 2 
2 2 2 2 2 2 2 2 
C C C C C C C C 
L LlOOOOOl 
L L2000001 
L L3000001 
L L5000001 
L L5100001 
L MACCXOOl 
I. MACMXOOl 
L FINCHOOl 
G FINSTOOl 
G FINITOOl 
G FINLTOOl 
G FINMXOOl 
6 SLIOOOOI 
G SL200001 
G SL300001 
G SL500001 
G SRIBOOOI 
G SR2B0001 
G SR3B0001 
G SR5B0001 
G DOOÛOOOl 
G COOÛOOOl 
L I1000001 
L ILOOOOOl 
G 10000001 
R R R R P F F F F F M M M M C I I I T T T T T T T T T T T I 
X X X X 3 D D D D D B B S S E T T T P S S S S S M M F I I T 
C M C M 5 S I L I M C M C M 0 I I I 5 1 2 3 4 5 C M C I L S 
H H L L 0 P P P B X X X X X 0 1 2 3 0 0 0 0 0 0 X X 0 0 0 0 
5 5 5 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
C C C C-C-C-C-C 0 0-C-C C C-C-C-C-C 0 0 0 0 0 0 0 C C 0 0-C 
Table C.3. The linear programming model, constraint year 1, activity year 3 
R R R R R R R R R R R R P F F F F F M M M M C I I I E E E E E I 
X X X X X X X X X X X X 3 D D D D D B B S S E T T T S S S S S T 
C M C M C M C M C M C M 5 S I L I M C M C M 0 I I I 1 2 3 4 5 S 
H H L L H H L L H H L L 0 P P P B X X X X X 0 1 2 3 0 0 0 0 0 0 
1 1 1 1 2  2  2 2 5 5 5 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 
N OBJOOOOl C C C C C C C C C C C C-C-C-C-C 0 0-C-C C C-C-C-C-C 0 0 0 0 0 0 
L LlOOOOOl 
I. L2000001 
1. L3000001 
L L5000001 
L L5100001 
L MACCXOOl 
L MACHXOOl 
L FINCHOOl 
G FINSTOOl 
G FINITOOl 
G FINLTOOl 
G FINMXOOl 
G SLIOOOOI 
G SL200001 
G SL300001 
G SL500001 
G SRIBOOOI 
G SR2B0001 
G SR3B0001 
G SR5B0001 
G DOOOOOOl 
G COOOOOOl 
L II000001 
L ILOOOOOl 
G 10000001 
Table C.4. The linear programming model, constraint year 2, activity year 1 
R R R R R R R R R R R R P F F F F F M M H M C I I I T T T T T T T T T T T I 
X X X  X X X X X X X X X 3 D D D D D B B S S E T T T P  S S S S S M M F I I T 
C M C  M C M C M C M C M 5 S I L I M C M C M 0 I I I 5 1 2 3 4 5 C M C I L S  
H H L L H H L L H H L L 0 P P P B X X X X X 0 1 2 3 0  0 0 0 0 0 X X 0 0 0 0 
1 1 1 1 2 2 2 2 5 5 5 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  0 0 0 0 0 0 0 0 0 0 0 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1 1  
L L1000002 
L L200Û002 
L L3000002 1 
L L5000002 -1 
L L5100002 -1 
L MACCX002 -1 
L MACMX002 -1 
I- FINCH002 -b 
G FINST002 
G FINIT002 -d 
G FINLT002 -d 
G FINMX002 e e e-1 
G SL100002 -1 
6 SL200002 -1 
G SL300002 -1 
G SL500002 -1 
G SR1B0002 -j 
G SR2B0002 -j 
G SR3B0002 -j 
G SR5B0002 -j 
G D0000002 
G C0000002 
L I1000002 -1 
L IL000002 -1 
G 10000002 
Table C.5. The linear programming model, constraint year 1, activity year 2 
R R R R R R R R R R R R P F  F F F F M M M H C I I I T T T T T T T T T T T I 
X X X X X X X X X X X X 3 D D D D D B B S S E T T T P S S  S S S M M F I I T 
C M C M C M C M C Vi C M 5 S I L I M C M C M 0 I I I 5 1 2 3 4 5 C M C I L S 
H H L L H H L L H H L L 0 P P P B X X X X X 0 1 2 3 0 0 0 0 0 0 X X 0 0 0 0 
1 1 1 1 2 2 2 2 5 5 5 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  0 0 0 0 0 0 0 0 0 
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2  2 2 2 2 2 2 2 2 2 
1. LlOOOOOl 1111 
L  L 2 0 0 0 0 0 1  1 1 1 1  
L L3000001 1 
L L5000001 1 1 1 1-1 
L L5100001 -1 1 
L MACCXOOl a a a a a a -a a 1 
L MACMXOOl a a a a ci a -a a 1 
L FINCHOOl-b-b-b-b-b-b-b-b -b-b-b-b-b b b b~b b b-b-b b b b b 
G FINSTOOl-d-d-d-d-d-d-d-d -d-d-d-d d 
G FINITOOl d -d -d-d 
G FINLTOOl -d d 
G FINMXOOl-e-e-e-e-e-e-e-e -e-o-e-e ^e 1-e-e 
G SLlOOOOl-f-f-f-f 1 
G SL200001 -f-f-f-f 1 
G SL300001 1 
G SL500Û01 1 
G SRIBOOOI 1 1 
G SR2B0001 1 1 
G SR3B0001 
G SR5B0001 1 1 
G DOOOOOOl-g-g-g-g-g-g-g-g ~9~3"'9~9 
G COOOOOOl 1 
L IIOOOOOl -k-k 
L ILOOOQOl -k 
G lOOOOOOl-h-h-h-h-h-h-h-h -h-fi-h-h h h h h h h 111 
Table C.6. The linear programming model, constraint year 2, activity year 3 
R R R R R R R R R R R R P F F F F F M M M M C I I I E E E E E I 
X X X X X X X X X X X X 3 D D D D D B B S S E T T T S S S S S T 
C M C M C M C M C M C M 5 S I L I M C M C M 0 I I I 1 2 3 4 5 S 
H H L L H H L L H H L L 0 P P P B X X X X X 0 1 2 3 0 0 0 0 0 0 
1 1 1 1 2 2 2 2 5 5 5 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
3 3 3 3 3 3 3 3 3 •1 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 
L L1000001 
L L2000001 
L L300G001 
L L5000001 
L L5100001 
L MACCXOOl 
L MACMXOOl 
L FINCHOOl 
G FINSTOOl 
G FINITOOl 
G FINLTOOi 
G FINMXOOl 
G SLIOOOOI 
G SL200001 
G SL300001 
G SL500001 
G SRIBOOOI 
G SR2B0001 
G SR3B0001 
G SR5B0001 
G DOOOOOOl 
G COOOOOOl 
L I1000001 
L ILOOOOOl 
G 10000001 
Table C.7. The linear programming model, constraint year 3, activity year 1 
R R R R R R R R R R R R P F F F F F M M M M C I I I T T T T T T T T T T T I 
X X X X X X X X X X X X 3 D D D 0 D B B S S E T T T P S S S S S M M F I I T 
C M C M C M C M C NI C M 5 S I L I M C M C M 0 I I I 5 1 2 3 4 5 C M C I L S 
H H L L H H L L H H L L 0 P P P B X X X X X 0 1 2 3 0 0 0 0 0 0 X X 0 0 0 0 
1 1 1 1 2 2 2 2 5 5 5 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1. L1000003 
L L2000003 
L L3000003 
L L5000003 
L L5100003 
L MACCX003 
L MACMX003 
L FINCH003 
6 FINST003 
6 FINIT003 
G FINLT003 
G FINMX003 
6 SL100003 
G SL200003 
G SL300003 
G SL500003 
G SR1B0003 
G SR2B0003 
G SR3B0003 
G SR5B0003 
G D0000003 
G C0000003 
L II000003 
L IL000003 
G 10000003 
Table C.8. The linear programming model, constraint year 3, activity year 2 
R R R R R R R R R R R R P F F F F F M M M M C I I I T T T T T T T T T T T I 
X X X X X X X X X X X X 3 0 D D D D B B S S E T T T P  S S S S S M M F I I T 
C M C M C M C M C W C M 5 S I L I M C M C M 0 I I I 5 1 2 3 4 5 C M C I L S 
H H L L H H L L H H L L 0 P P P B X X X X X 0 1 2 3 0  0 0 0 0 0 X X 0 0 0 0 
1 1 1 1  2 2 2 2 5 5 5 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  0 0 0 0 0 0 0 0 0 0 0 
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2  2 2 2 2 2 2 2 2 2 2 2 
L L1000002 
L L2000002 
L L3000002 1 
L L5000002 -1 
L L5100002 -1 
L MACCX002 -1 
L MACMX002 -1 
L FINCH002 -b 
G FINST002 
G FINIT002 -d 
G FINLT002 -d 
G FINMX002 e e e-1 
G SL100002 -1 
G SL200002 -1 
G SL300002 -1 
G SL500002 -1 
G SR1B0002 -j 
G SR2B0002 -j 
G SR3B0002 -j 
G SR5B0002 -j 
G D0000002 
G C00G0002 
L II000002 -1 
L IL000002 -1 
G 10000002 
Table C.9. The linear programming model, constraint year 3, activity year 3 
R R R R R R R R R R R P F  F F F F M M H M C I I I E E E E E I  
X X X X X X X X X X X X 3 D D D 0 D B B S S E T T T S S S S S T  
C M C M C M C M C M C M 5 S I L I M C M C M 0 I I I 1 2 3 4 5 S  
H H L L H H L L H H 1. L 0 P P P B X X X X X 0 1 2 3 0 0 0 0 0 0  
1 1 1 1 2 2 2 2 5 5 !5 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3  
L L1000003 1111 
L  L 2 0 0 0 0 0 3  1 1 1 1  
L L3000003 1 
L L5000003 1111-1 
L L5100003 -1 
L MACCX003 a a a a a a -a a 
L MACMX003 a a a a a a -a a 
L FINCH003-b-b-b~b-b-b-b-b -b-b-b-b-b b b b-b b b-b-b b b b b b 
G FINST003-d-d-d-d-d-d-d-d -d-d-d-d d 
G FINIT003 d -d -d-d 
G FINLT0Û3 -d d 
G FINMX003-e-e-e-e-e-e-e-e -e-e-e-e -e 1-e-e 
G SLl00003-f-f-f-f 1 
G SL200003 -f-f-f-f 1 
6 SL300003 1 
G SL500003 1 
G SR1B0003 1 1 
G SR2B0003 1 1 
G SR3B0003 
G SR5B0003 1 1 
G D0000003-g-g-g-g-g-g-g-g -g-g-g-g 1 
G C0000003 1 
L II000003 -k-k 
L IL000003 -k 
G I0000003-h-h-h-h-h-h-h-h -h-h-h-h h h h h h h 111 -h 
